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2. Introduction

2.1. Objective

Treatment of glioblastoma multiforme (GBM) with photodynamic therapy (PDT) is a new and
encouraging therapy, but there are some obstacles that need to be resolved. The ATP-binding
cassette superfamily G member 2 (ABCG2) is a transmembrane protein (Khot et al., 2020) which
exports photosensitizers like protoporphyrin IX (PpIX) and chlorin e6 (Ce6) out of the cell,

potentially reducing PDT efficiency. Therefore, the goals of this work were:

1. Analyze if high levels of ABCG2 in glioma cell lines turn off the ability of the cells to
accumulate effectively phototoxic concentrations of PpIX or chlorin e6.

2. Examine if the inhibition of the ABCG2 protein function results in an increased
accumulation of the photosensitizers PplX and chlorin e6.

3. Investigate if blocking of ABCG2 increases the sensitivity of tumor cells to photodynamic
therapy.

4. Figure out if cancer stem cells feature a higher resistance to PDT because of their elevated

ABCG2 expression.

The main focus of my research was to increase photosensitizer accumulation by blocking the

ABCG2 multidrug transporter and, therefore, improving PDT efficiency.

2.2. Glioblastoma multiforme: a fatal brain tumor

Diffuse gliomas are the most prevalent brain tumors in adults (14.5% of all CNS tumors) (Ostrom
et al., 2020). They derive from glial cells, which consist of astrocytes, oligodendrocytes and
microglia, and are usually responsible for providing protection as well as support for neurons in
the brain. The World Health Organization (WHO) includes in their updated classification from 2016
the grade Il and Ill astrocytomas, grade Il and lll oligodendrogliomas and high grade IV
astrocytomas called glioblastoma multiforme (GBM) in this category (Onizuka et al., 2020) with
GBM being the most common (57.7% of all gliomas) and aggressive primary malignant brain
tumor in adults (Ostrom et al., 2020). Fifty percent of the patients with primary GBM show a clinical

history of less than 3 months from first symptoms to diagnosis. They occur especially in elderly
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patients and typically show some genetic alterations like EGFR overexpression, PTEN mutation
or cyclin dependent kinase inhibitor 2A/p16 gene deletions. Secondary GBM arise from prior low-
grade astrocytomas during a longer period in younger patients (Alifieris and Trafalis, 2015). They
often contain TP53 mutations. Although primary and secondary glioblastomas display some

molecular differences, the current standard treatment is very similar (Kleihues and Ohgaki, 1999).

Symptoms of patients with GBM are connected to the function of the affected area and may include
persistent headaches, vomiting, new onset of seizures, focal neurologic deficits, changes in
personality, confusion or memory loss due to the tumor pressure on the brain or spinal cord (Davis,
2016). The incidence has raised marginally over the last 20 years mainly due to modernized
diagnostic imaging equipment and longevity of people in developed countries. It occurs in 3.23
per 100.000 people in the United States. The median age at diagnosis is 65 years and it is 1.58
times more prevalent with men than with women. The five-year relative survival rate is 7.2% and
the median survival regardless of the treatment is eight months (Ostrom et al., 2020). Apart from
rare cases of genetic predisposition and exposure to irradiation, no risk factors could be verified
(Le Rhun et al., 2019). Also, early detection of the tumor with diagnostic devices is difficult.
Standard magnetic resonance imaging (MRI) is the most sensitive method for detecting GBM
initially; but, as soon as the tumor can be identified via imaging, it is at an advanced state
(Alexander and Cloughesy, 2017).

2.3. Therapeutic advances in the treatment of glioblastoma multiforme

Current standard of care comprises maximal safe resection of the tumor and subsequently
treatment with adjuvant radiotherapy and chemotherapy with the alkylating agent temozolomide
(TMZ) (Cramer and Chen, 2019). TMZ has an excellent permeability into the central nervous
system (CNS) and 96-100% bioavailability (Alifieris and Trafalis, 2015). Radiotherapy in
combination with concomitant and adjuvant TMZ results in a median overall survival (OS) of 14.6
months and a two-year survival rate of 26.5% (Stupp et al., 2005). Successful surgical debulking
of the tumor is restricted by its invasive growth pattern and the impossibility to excise with a
sufficient safety margin. Because of the early development of resistance and occurrence of side
effects, chemo- and radiotherapy have also limited potency resulting in a high rate of relapses
(Stepp and Stummer, 2018, Claes et al., 2007). 80% of recurrences are found in the region
adjoining the resection cavity (Cramer and Chen, 2019). Once a relapse occurs, therapeutic

options are limited. The causes of failure are still largely unknown, although many possible
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obstacles for an effective treatment have been proposed. Consequently, new therapy approaches

are urgently needed (Petrecca et al., 2013, Thon et al., 2019).

The molecular processes leading to GBM formation are still not fully understood, but there has
been extensive research towards the molecular analysis of this tumor. Despite these efforts only
a few molecular attributes, O%-methylguanine-DNA methyltransferase (MGMT) promoter
methylation and IDH1/2 mutation, are regarded clinically significant (Cloughesy et al., 2014, Weller
et al., 2012). GBMs featuring IDH1 mutations have a more favorable prognosis and are more
frequently found in secondary GBM (73%) but rarely in primary GBM (3.7%). Therefore, in clinical
trials they are increasingly considered separately (Nobusawa et al., 2009). Methylation of the gene
promotor encoding the DNA repair enzyme MGMT and concomitant silencing of the gene is
important for a successful treatment with temozolomide. MGMT is a repair enzyme which removes
alkyl groups from the O° position of guanine and, subsequently, antagonizing the genotoxic effects
of alkylating drugs like TMZ. (Esteller et al., 2000). MGMT promoter methylation occurs in 45% of
patients diagnosed with GBM and has become an important predictor for a favorable outcome in
patients treated with alkylating agents. The overall survival (OS) of patients with a MGMT promoter
methylation combined with chemotherapy with TMZ and radiotherapy was 21.7 months versus

12.7 months in patients with an unmethylated MGMT promoter (Hegi et al., 2005).

Several different therapeutic approaches have been investigated. Promising initial results have
been reported 2015 in a study conducted by Stupp et al. There it was shown that by adding
TTFields to the maintenance TMZ therapy the median progression-free survival could be
prolonged from 4.0 to 7.1 months and overall survival could be extended from 15.6 months to 20.5
months in a medium follow-up of 38 months (Stupp et al., 2015). TTFields are a locoregionally
delivered antimitotic therapy that intervenes with the division of cells and the assembly of cell
compartments. During this treatment transducer arrays deliver low-intensity, intermediate-
frequency (200 Hz), alternating electric fields. They are applied to the shaved scalp for not less
than 18 hours a day and lead to a disruption of cell division (Kirson et al., 2007, Fonkem and
Wong, 2012). Many clinical trials focus on glioblastoma-intrinsic targets to interfere with the
oncogenic signaling pathways. The most relevant signaling pathways involved in GBM include,
among others, tyrosine kinase receptor-triggered pathways (like EGF, PDGF, VEGF, HGF, TGF
receptors) and their downstream signaling pathways RAS, mTOR, PI3K/PTEN/AKT, RB and TP53
(Crespo et al., 2015, Ohgaki et al., 2004). Unfortunately, until now, monotherapies interfering with

these pathways show disappointing results (Sathornsumetee et al., 2007). There is a growing
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interest in targeting the microenvironment of tumor cells comprising the
monocyte/microglia/macrophage compartment, blood vessels or T cells (Le Rhun et al., 2019). A
multitude of anti-angiogenic targeted therapies e.g. with bevacizumab have been evaluated in
clinical trials as monotherapy or in combination with various additional agents, all with no
significant overall survival benefit for patients with glioblastoma (Yang et al., 2017). Immune
checkpoint inhibitors have been investigated clinically, but they seem to be less successful in the
treatment of GBM compared to malignant melanomas or non-small-cell lung cancer (Lakin et al.,
2017, Maxwell et al., 2017).

2.4. Photodynamic Therapy: An encouraging approach for treating glioblastoma
multiforme

An encouraging strategy for the detection and treatment of GBM is the use of photodynamic
diagnosis (PDD), fluorescence-guided resection (FGR) and photodynamic therapy (PDT). They
are based on a two-step process consisting of administration of a photosensitizer and its activation
by light at a particular wavelength which leads to emission of fluorescence at the tumor site. With
an adequate intensity of light the following photochemical reaction is believed to generate reactive
oxygen species (ROS) which elicit cell death. This process is named PDT (McNicholas et al.,
2019).

During surgical debulking, FGR is used for a better visibility of the tumor margin. A phase I clinical
trial conducted by Stummer et al. comparing 5-ALA PDD versus conventional microsurgery with
white light for malignant gliomas showed that it considerably increased progression-free survival
(difference between groups after a medium follow-up of 35.4 months for the 6 month progression
free survival (PFS) was 19.9%) (Stummer et al., 2006), implying that 5-ALA PDD is an efficient
method for the intra-operative diagnosis of GBM leading to enhanced safe resection. However,
most patients recruited for that study still presented a progression of the disease, partly due to
tumor cells that have infiltrated normal brain tissue or reside somewhere else as tumor-initiating

cells in stem cell niches (Kawai et al., 2019, Stepp and Stummer, 2018).

The main principle of PDT is the highly selective photosensitizer accumulation in malignant cancer
tissue (Kawai et al.,, 2019). It requires light, a photosensitizer and molecular oxygen. The
photosensitizer is activated by exposure to light of a specific wavelength into an electronically

excited state from which it either relaxes back to the ground state by generating heat or emitting
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fluorescence, or it can switch to a metastable triplet state from which the energy can be transferred
to molecular oxygen generating reactive oxygen species (ROS) like free radicals or singlet oxygen
('02). In all cases, the photosensitizer has returned back to its ground state, ready to absorb more
light and generate further ROS (Figure 1). PDT particularly damages tumor cells nearby the
intracellular location of the photosensitizer while sparing neighboring normal tissue due to the
short distance of migration for singlet oxygen (i.e. 0.02-1 ym) and its brief lifespan (i.e. 0.04-4 ps)
(Mahmoudi et al., 2019). Cytotoxic ROS provoke tumor cell death via different mechanisms
comprising damage of intracellular organelle membranes such as mitochondria, the endoplasmic
reticulum and lysosomes (Khot et al., 2020, Cramer and Chen, 2019). PDT can kill tumor cells via
three main types of cell death: apoptotic, necrotic and autophagy-associated cell death. The
subcellular localization of the photosensitizer plays an important part in the dominating type of cell
death as well as the light and drug dose used (Abrahamse and Hamblin, 2016). Cell necrosis is
usually affiliated with damage occurring at higher PDT light doses leading to cell membrane
disintegration, while apoptotic cell death is associated with lower doses of sensitizing drugs or
light. Apoptosis may be associated with nuclear factor kappa-B (NFkB) damage in the cytoplasm
as well as mitochondrial Bcl-2 photodamage and release of cytochrome c. Autophagy features a
role in either enhancing or inhibiting cell death following PDT (Mroz et al., 2011). Additionally to
its direct cytotoxic effects, PDT may also damage the microvasculature of the tumor by occlusion
of blood vessels with the potential to induce local ischemia (Hirschberg et al., 2008). Furthermore,
it can lead to immunogenic cell death inducing a host immune response against cancer via

cytotoxic T cells (Castano et al., 2006).

The first approval of PDT which used the photosensitizer Photofrin was obtained in Canada 1993
for treating bladder cancer. The U.S. Food and Drug Administration (FDA) gave their first approval
for advanced obstructive esophageal cancer in 1995 and for the treatment of early-stage non-
small-cell lung cancer in 1998 (Gunaydin et al., 2021, Sheng et al., 2020). In Japan, the chlorin
derived photosensitizer talaporfin sodium obtained approval for intra-operative PDT for malignant
brain tumors in 2013 (Akimoto, 2016). More recently, the FDA approved 5-ALA for use as an
intraoperative optical imaging agent for FGR in patients with gliomas in 2017 (FDA, 2018). In
oncology, PDT is being proved clinically for treating cancers of the head and neck, skin, brain,

lung, breast, intraperitoneal cavity, pancreas and prostate (Dolmans et al., 2003, lyer et al., 2007).
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Figure 1: Principle of photodynamic therapy: When a photosensitizer (PS) molecule absorbs photon energy one of
its outer electrons is excited from the ground singlet state to an excited singlet state. From there, it either relaxes to the
ground state by excitation of vibration (thermal relaxation) or emission of a fluorescence photon, or it undergoes
intersystem crossing to an excited triplet state which can generate reactive oxygen species (ROS) via a type | reaction
(formation of free radicals) or a type Il reaction (formation of singlet oxygen). These reactions ultimately lead to

phototoxicity. ((Sai et al., 2021), modified)

In GBM, immediately after having completed FGR, the application of PDT to the resection cavity
can minimize the risk of a local relapse (Vermandel et al., 2021). It can even completely replace
surgery by using a stereotactic approach. Interstitial PDT (iPDT) is based on the oral
administration of a photosensitizer or a photosensitizer precursor followed by a stereotactic
insertion of fiber optic diffusers into the tumor to deliver visible light irradiation to the tumor mass
(Stepp and Stummer, 2018, Cramer and Chen, 2019). One safety issue is the possible induction
of edema which, when reaching functional brain tissue, can lead to neurological deficits. However,
in most cases the edema resolves within a few days by application of steroids (Mathews et al.,
2011).
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2.5. Photosensitizers for photodynamic therapy

The optimal photosensitizer for utilization in malignant tissue must have a highly favorable safety
profile and should preferentially accumulate in high concentrations in tumor cells. First generation
photosensitizer Photofrin® was the first PDT agent that was approved by the FDA for obstructive
esophageal cancer in 1995 (FDA, 2011). Despite Photofrin® was widely utilized in the treatment
of different cancers, its clinical use was limited by its side effect profile, especially the prolonged
skin photosensitization and low tissue penetration. Therefore, investigations of other
photosensitizers were needed. Second generation photosensitizers have a better specified
chemical composition compared to first generation photosensitizers and comprise a broad
spectrum of drugs like porphyrins (e.g. 5-ALA-derived), chlorins (e.g. chlorin e6) or pheophorbides
(Zhang et al., 2018).

Chlorin e6 (Ceb6) is a well-studied preformed photosensitizer which is administrated exogenously.
It is associated with being highly efficient in the generation and activation of singlet oxygen by light
with wavelengths in the far-red spectral range which is suitable for deep penetration into tissue.
Ce6 absorbs at a wavelength of 664 nm offering an enhanced light penetration into brain tumor
tissue in comparison to photosensitizers such as Photofrin (630 nm) or 5-ALA-based PplX (633-
635 nm) (Abdel Gaber et al., 2018). In a clinical study implemented by Sheleg et al. PDT with Ce6
showed an effective response in the treatment of patients with melanoma skin metastases and
was also well tolerated (Sheleg et al., 2004). For glioma cells, Ce6 has only been used so farin a
rat C6 glioma model where it induced coagulation necrosis and apoptosis (Namatame et al.,
2008).

Among the commercially available photosensitizers, 5-ALA acts as a photosensitizer precursor
and is metabolized endogenously to the fluorescent and phototoxic protoporphyrin IX (PplX)
(Stepp and Stummer, 2018). In mammals, it is the first compound during porphyrin biosynthesis
and the immediate precursor of heme in the heme synthesis pathway. Physiologically, 5-ALA is
produced by the enzyme ALA synthase (ALAS) from succinyl-coenzyme A and glycine inside the
mitochondria and gets exported to the cytoplasm thereafter. Externally applied 5-ALA is
transported inside the cytoplasm via passive diffusion through the cell membrane or by active
transport by different transporters including the amino acid transporters PEPT1 and PEPT2
(Figure 2). There, synthesis of the intermediate coproporphyrinogen Ill takes place and
subsequently its transport from the cytoplasm into the mitochondria by the ATP-binding cassette

transporter ABCB6 (Kawai et al., 2019). In the mitochondria, coproporphyrinogen Ill is converted
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to the photosensitizer PplX which is finally converted to heme by the enzyme ferrochelatase via
insertion of Fe?* into the porphyrin ring (Kobuchi et al., 2012, Layer et al., 2010). Under normal
conditions 5-ALA synthesis is inhibited by high levels of free heme but when applied systemically,
the negative feedback mechanism that heme exerts on the enzyme ALA synthase is bypassed,
thereby catalyzing the natural production of 5-ALA which temporarily boosts PpIX generation
(Collaud et al., 2004).

. Exogenous
Heme Synthesis 5ALA
(YT )
N
Uy
5-ALA
Glycine + l, ALAD
Albumin Succinyl-CoA Porphobilinogen
umi ALAS | PBGD
Heme — 5-ALA l
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+ 0,
\ ]. CPOX
+ 0,
Albumnin KOT43 ABCB6

Figure 2. Role of mitochondrial ABCG2 in the regulation of ALA-mediated PpIX accumulation in cancer cells.
The arrows in green represent product conversions, orange arrows preferred transport directions across cell or
mitochondrial membranes of heme biosynthetic building blocks and red arrows inhibiting pathways. 5-ALA: 5-
aminolevulinic acid, PEPT 1/2: oligopeptide transporter 1/2; ABCG2: ABC transporter G2, ABCB6: ABC transporter B6,
FECH: ferrochelatase, PplX: protoporphyrin IX, CPOX: coproporphyrinogen oxidase, ALAD: ALA-dehydrogenase,
PBGD: porphobilinogen deaminase, PPOX: protoporphyrinogen oxidase, ALAS: ALA synthase. ((Kobuchi et al., 2012),
modified)

When PplX is excited with red light at a wavelength of 635 nm it transfers the energy from light to
oxygen, thereby generating reactive singlet oxygen which is cytotoxic and can damage or Kill
tumor cells (Stepp and Stummer, 2018) (Figure 1). Clinically, for FGR or PDT of GBM, 5-ALA
(Gliolan®, ALAGLIO®, medac GmbH, Wedel, Germany) is dissolved in 50 ml of drinking water
with a concentration of 20 mg/kg body weight and applied orally three to four hours before
anesthesia begins (EMA, 2007). By using a non-fluorescent precursor, a higher fluorescence
contrast can be obtained, because it avoids unspecific fluorescence background from the

circulation or interstitial space (Stepp and Stummer, 2018). Investigations of the therapeutic safety
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and efficiency of 5-ALA-induced PpIX showed an acceptable risk profile at a promising outcome
in clinical trials on PDT of GBM (Johansson et al., 2013, Lietke et al., 2021).

2.6. Selective PplIX accumulation in tumor cells

The selective PplX accumulation in brain tumor tissue depends on several factors. Normally,
5-ALA cannot pass the blood-brain-barrier (BBB), but gliomas induce the growth of neo-blood
vessels leading to a deficit of the BBB morphology and function, therefore, molecules might be
able to leak through these vessels (Ennis et al., 2003). Furthermore, the PplX accumulation rates
in tumor tissue can be increased by an upregulated expression of PEPT1 and PEPT2 transporters
which are essential for 5-ALA uptake (Hagiya et al., 2013, Zimmermann and Stan, 2010).
Increased levels of PEPT1 mRNA could be observed in renal cell carcinoma cells (da Rocha Filho
et al., 2015), non-small cell lung cancer cell lines (Omoto et al., 2019) and bladder cancer tissue
(Hagiya et al., 2013). Moreover, enhanced transport of coproporphyrinogen Il due to increased
expression of its transport protein ABCB6 has been observed to correlate positively with
accumulation of PpIX in murine erythroleukemia cells (Krishnamurthy et al., 2006) and in human
glioma cells (U251, T98, U87) (Zhao et al., 2013). Another significant step is the conversion from
PpIX to heme by the enzyme ferrochelatase (FECH) by inserting ferrous iron (Fe?*) into the PpIX
molecule and thereby disabling both, fluorescence and phototoxicity (Stepp and Stummer, 2018,
Ohgari et al., 2005). In glioblastoma cells (Teng et al., 2011), colon cancer tissue (Kemmner et
al., 2008), bladder cancer tissue (Hagiya et al., 2013) and renal cell carcinoma cells (da Rocha
Filho et al., 2015) the expression of the FECH mRNA is decreased resulting in preferred PpIX
accumulation in these cancerous cells with respect to surrounding normal tissue. The tumor
specific down-regulation of FECH could partially be caused by the indirect influence of tumor
suppressor proteins on the FECH activity (Sawamoto et al., 2013, Stepp and Stummer, 2018).
Moreover, the expression of the enzymes ALA-dehydrogenase (ALAD) and porphobilinogen
deaminase (PBGD), which also play a part in the heme synthesis pathway, are elevated in breast

cancer tissue (Navone et al., 1990) resulting in increased biosynthesis of PpIX (Yang et al., 2015).

Various studies have been conducted aiming to increase PplX accumulation. Co-incubating
human urothelial carcinoma cells (Inoue et al., 2009), rat glioma stem cells (C6) (Wang et al.,
2017) and squamous carcinoma cells (Anayo et al., 2018) with 5-ALA and iron chelators resulted
in a low availability of iron, which is necessary for converting PpIX to heme, and therefore

increased the PplX concentration. Another study conducted by Fisher et al. showed that
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hypothermia during 5-ALA incubation leads to a tumor cell selective enhancement in the median
mitochondrial accumulation of PpIX in different glioma cell lines like U251 and U87 cells.
Neuroprotective effects of the normal brain against PDT could be observed when applied in vivo.
Possible underlying reasons for this observation have been reported to comprise reduction of
metabolic activities and stabilization of high-energy phosphate molecules. The increased
mitochondrial PpIX content observed under these conditions indicates a double benefit of
hypothermia: protection of neurons and improved PDT (Fisher et al., 2013, Fisher et al., 2017,
Yenari and Han, 2012). It has also been observed that low levels of the cofactor NADPH, which
is needed to break down heme into bilirubin by the enzyme heme oxygenase, correlates with PplX
accumulation in glioma cells. Compared to their wildtype counterparts, IDH1-mutant human
glioma cells (U87) exhibiting lower levels of NADPH indeed showed a stronger fluorescence
following incubation with 5-ALA (Kim et al., 2015, McNicholas et al., 2019).

Another observation is that hypoxia is a frequent characteristic of the tumor microenvironment
leading to higher concentrations of hypoxia-inducible transcription factors (HIF) which alter some
5-ALA-based PDT-relevant pathways including heme synthesis. They induce the expression of
FECH (Liu et al., 2004) and heme oxygenase (Lee et al., 1997) leading to an increased conversion
of PpIX to heme in gastric cancer cells (Otsuka et al., 2015). Approaches which target HIF and
improve tumor oxygenation are potentially enhancing 5-ALA-induced fluorescence and PDT
efficiency. Additionally, pretreatment of cells with calcitriol (Chen et al., 2014), methotrexate (Sinha
et al., 2006, Anand et al., 2009) or 5-fluorouracil (Maytin et al., 2018) leads to an upregulation of

coproporphyrinogen oxidase (CPOX) resulting in increased PplX concentrations.

The selective PplX accumulation is a major advantage of 5-ALA compared to other
photosensitizers. A protein that correlated with decreased PplX accumulation is the ABCG2
transporter (Kawai et al., 2019, Kobuchi et al., 2012). Inhibiting the activity of ABCG2 elevated
PplX accumulation in triple negative breast cancer cells (Palasuberniam et al., 2015), in lung
adenocarcinoma cells (Kobuchi et al., 2012) and glioblastoma cells (U251) (Abdel Gaber et al.,
2018, Muller et al., 2020), thus, it represents another important target to enhance PplX

accumulation in brain tumors.
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2.7. Overcoming ABCG2-mediated resistance to PDT

The ABCG2 transporter, also called breast cancer resistance protein (BCRP), is primarily found
in the cell membrane and inner mitochondrial membrane (see Figure 2). It transports various
endogenous and exogenous drugs like doxorubicin, methotrexate or mitoxantrone (Natarajan et
al., 2012) out of the cell. This transporter is physiologically expressed in the placenta, where it
protects the fetus from xenobiotics in the maternal blood (Mao, 2008). It also occurs in the BBB
(Nicolazzo and Katneni, 2009), the apical membrane of intestinal, liver and kidney cells as well as
in the blood-testis barrier (Vlaming et al., 2009). Moreover, ABCG2 is overexpressed in cancer
stem cells, where it can efflux xenobiotics or photosensitizers out of the cell which reduces
chemotherapy sensitivity and PDT toxicity, therefore limiting the efficacy of this treatments (Muller
et al., Ding et al., 2010). Thus, the ABCG2 transporter is mediating multidrug resistance and
treatment failure in cancers. Numerous investigations have been performed in an attempt to
reverse this drug resistance caused by cancer stem cells and improve chemosensitivity (Zhou et
al., 2021).

ABCG2 can be effectively blocked by various agents like the fungal toxin fumitremorgin C and its
nontoxic analog KO143, specific antibodies or receptor tyrosine kinase inhibitors (Sun et al., 2013,
Robey et al., 2011, Abdel Gaber et al., 2018). Some of these inhibitors can also block ABCG2
located on the inner mitochondrial membrane, where 5-ALA-based PDT is thought to be most
effective in destructing tumor cells (Kobuchi et al., 2012). Clinically approved ABCG2 inhibitors
are receptor tyrosine kinase inhibitors such as gefitinib, sorafenib and imatinib (Sun et al., 2013).
In a clinical setting, administrating an ABCG2 blocker prior to PDT treatment may be an effective
way to enhance the therapeutic result. Most studies were done in vitro investigations, therefore,

more in vivo studies need to be conducted.

A lot of different studies have been performed trying to enhance PDT efficiency by downregulating
or blocking the ABCG2 protein. Some studies revealed that ABCG2 mediates the reduction of
ROS toxicity by hindering the NFkB pathway which aids PDT by stimulating an immune response
and mediating oxidative stress. Inhibition of ABCG2 activity usually increases generation of ROS
in the context of PDT, although identification of the exact molecular pathways requires further
exploration (Nie et al., 2018, Khot et al., 2020).

A study conducted by Kurokawa et al. showed that hyperthermia (1 hour at 42°C) can enhance

PDT by downregulating ABCG2 and upregulating heme carrier protein-1 (HCP-1) (Kurokawa et
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al., 2019). Some studies investigated the impact of cell culturing medium containing fetal bovine
serum (FBS) on ABCG2 activity. Ogino et al. showed that T24 urothelial carcinoma cells incubated
with 5-ALA with or without FBS showed significantly higher PplX levels in the FBS-free medium.
A 5-ALA dose- and time-dependent PpIX accumulation could be detected as well as higher
extracellular levels of PpIX when FBS was present in the medium indicating that PpIX export by

ABCG2 in T24 cells is dependent on serum concentration (Ogino et al., 2011) (see Figure 2).

In vitro studies where breast cancer cells were cultured under chronic glucose deprivation by
adding glycolysis inhibitors after 5-ALA incubation showed a potentiated PplX accumulation and
5-ALA-based PDT cytotoxicity (Wyld et al., 2002, Golding et al., 2013). Inhibition of glycolysis led
to nutrient stress in the cancer cells by depleting ATP levels which also led to an inactivation of
ABC transporters (Nakano et al., 2011). These studies propose that targeting glucose metabolism

can potentially improve 5-ALA-mediated PDT.

Moreover, Yoshioka et al. demonstrated that PplX fluorescence in cancer cells incubated with 5-
ALA can be boosted by inhibiting one of the Ras downstream signaling elements, the
Ras/mitogen-activated protein kinase (MEK). Inhibition of MEK decreased PplIX efflux from
malignant cells by reducing the expression level of ATP-binding cassette subfamily B member 1
(ABCB1) transporter. Additionally, MEK inhibition reduced the FECH activity, the enzyme which
is responsible for the conversion of PplX to heme (Yoshioka et al., 2018, Chelakkot et al., 2019,
Muller et al., 2020).

2.8. Are glioma stem cells causing failure of PDT?

A small subpopulation of cancer cells called side population (SP) cells have a lot of features
separating them from mature, differentiated cells. They express organ-specific surface markers
like CD44 or CD133 (Brown et al., 2017) and show an upregulation of ABC transporters (Begicevic
and Falasca, 2017). SP cells can be isolated from cancer cells via flow cytometry by staining with
Hoechst 33342 or rhodamine 123 dye (Bertoncello and Williams, 2004), which are substrates of
the ABCG2 transporter, therefore, these cells show a lower fluorescence compared to non-SP
tumor cells, because the dye is effluxed by this transporter. SP cells could be identified in
glioblastoma cell lines (U87) and various other cancer cell lines (Hirschmann-Jax et al., 2004) and
are expected to comprise the cancer stem cells (CSC) of the tissue. It could be shown that rat

glioma C6 SP cells can produce both SP and non-SP cells in culture as well as neurons and glial
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cells. Therefore, they are mainly accountable for the in vivo malignancy of this cell line (Kondo et
al., 2004).

CSC are associated with high tumorigenicity, capacity of self-renewal, ability to differentiate, high
stem cell marker expression (Clarke et al., 2006) as well as chemo- and radiotherapy resistance.
They show several known molecular mechanisms contributing to the improved survival like
expression of anti-apoptosis proteins, a dormant state, an active DNA repair capacity or high
expression of ABC transporters (Hirohashi et al., 2016, Dean et al., 2005) for creating an optimal
microenvironment for survival. Glioma stem cells (GSC) can stimulate angiogenesis via production
of VEGF and differentiation into pericytes (Cheng et al., 2013). They can be a helpful target for
immunotherapy or inhibition of significant pathways. Focusing on stem cell signaling pathways is

an emerging research area that already presents some auspicious results.

Furthermore, expression of ABCG2 is affiliated with stem cell-like characteristics of glioblastoma
tumor cells and is assumed to be responsible for chemotherapy resistance. Moreover, ABCG2
expression leads to lower PplX levels, therefore, such cells require higher PpIX levels or light
doses to be killed (Abdel Gaber et al., 2018). In vitro studies showed that main population-derived
cells accumulated significantly more 5-ALA-derived PplX than SP-defined C6 glioma CSCs (Wang
et al., 2017). It has also been observed that ABCG2 expression correlated inversely with the PplX
fluorescence in pancreatic cancer cell lines (PANC-1). The cells with the highest ABCG2
expression level and lowest PplX fluorescence rate showed a high ability for sphere forming and
tumor formation suggesting that cell lines with a high ABCG2 expression are enriched with CSCs
and exhibit a low PplX content, but PplX fluorescence could be increased by ABCG2 inhibition
(Kawai et al., 2019).

More obstacles supporting potential PDT failure is variability in the light and drug dose-dependent
tumor cell sensitivity. Inside viable GBM tumor tissue PpIX and Ce6 rates can differ widely due to
the heterogeneity of the tumor. Moreover, its infiltrative growth pattern causes an insufficient
distribution of the photosensitizer or light leading to an inadequate tumor cell destruction
(Johansson et al., 2010, Eleouet et al., 2000, Stepp and Stummer, 2018). For the commonly used
wavelength of 635 nm, light penetration depths in various types of tissue have been described to
be limited to a distance between 1-5 mm (Quirk et al., 2015). Additionally, it has been described
that an unspecific PpIX accumulation also occurs in endothelial cells leading to the formation of

edema caused by phototoxicity if PDT is applied (Ito et al., 2005).
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With the ambition to improve outcomes of PDT with patients suffering from GBM the main focus
of this work lies in the relationship between ABCG2 expression and Chlorin e6-/5-ALA-based PDT
efficiency in U251 und U87 glioblastoma derived cell lines. We largely excluded the influence of
parameters beside ABCG2 by using a glioblastoma cell model with a switchable ABCG2
expression vector to answer the main question: Can PDT efficiency be improved by blocking the

ABCG?2 transporter and, therefore, increase photosensitizer accumulation?
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3. Summary

Photodynamic therapy (PDT) with 5-aminolevulinic acid (5-ALA) or chlorin e6 (Ce6) is an
encouraging new therapeutic procedure for the treatment of malignant brain tumors. 5-ALA is a
natural precursor of protoporphyrin IX (PplX), a potent mitochondrially assembled photosensitizer,
which accumulates tumor-selectively following systemic delivery of 5-ALA, while Ce6 can be
administered directly. The ATP-binding cassette transporter ABCG2 acts as a physiologically
substantial player in porphyrin and chlorin efflux from cells. ABCG2 is also linked with stemness
attributes. In this work, we examine the impact of ABCG2 on the sensitivity of glioblastoma cells
to 5-ALA- and Ce6-based PDT.

We have used the U251MG glioblastoma cell line with controllable ABCG2 expression
(sU251MG-V with doxycycline-inducible ABCG2 overexpression; control cells U251MG-EV
containing the empty expression vector). Cells containing the vector expressed slightly more
surface ABCG2 than the empty vector cells (“leakiness” of the vector). For both photosensitizers
we observed an increasing cellular accumulation based on fluorescence measurements at higher
concentrations as well as a light fluence- and Ce6-/PplX-concentration-dependent PDT
phototoxicity. Although induction of ABCG2 led to a strong increase of ABCG2 expression on the
cell surface and, therefore, reduced the fluorescence and phototoxicity significantly in cells with
high ABCG2 expression, intracellular PplX levels dropped only modestly compared to empty
vector cells, even though a more pronounced decrease might have been assumed. In cells
incubated with Ce6 two major peaks identifying the accumulating photosensitizer could be
detected in ABCG2-expressing cells indicating two cell populations with low and high expression
of the transgene whereas only one major peak was observed in the empty vector cells. By blocking
the cells with the ABCG2 inhibitor KO143 a further enhanced PplX fluorescence could be detected
in both cell types, indicating an expression of some endogenous ABCG2 in the empty vector cells.
The leakiness of the vector already led to a substantial decrease of the PplX content and
phototoxicity, despite only a small rise of ABCG2 expression on the plasma membrane could be
observed. ABCG2 inhibition by tyrosine kinase inhibitor sorafenib and a blocking anti-ABCG2
antibody led to an increase of the Ce6-mediated fluorescence, whereas no significant effect on
the PplX fluorescence was exerted. This difference could be due to the ability of KO143 to block
not only the cell surface ABCG2, but also the mitochondrial ABCG2.
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Incubation with fetal calf serum (FCS) protein decreased the intracellular Ce6 and PplIX
accumulation. This demonstrates that ABCG2-mediated efflux is facilitated by FCS. Indeed, when
the cells were treated with the ABCG2 inhibitor KO143 throughout the efflux period, the efflux was
almost always lowered to the same level as observed in the absence of FCS. The reliance of efflux
kinetics on FCS was more pronounced during incubation with 5-ALA than with Ce6. Another
discrepancy is the ongoing increase of PplX concentration in serum-free medium which can be

explained by the continuous synthesis of PpIX from 5-ALA at minimal PplX efflux.

In U87 glioblastoma cells derived from spheres, expression of ABCG2 was enhanced and Ce6
accumulation and phototoxicity reduced compared to adherent monolayer U87 cells. This
indicates that expression of ABCG2 is correlated with stem-like features in the GBM-derived cell
line U87 and is assumed to be accountable for PDT resistance due to decreased accumulation of

the photosensitizer.

In conclusion, the experiments showed that stemness-associated expression of ABCG2 causes a
decreased Ce6 and PplX accumulation and an accordingly reduced photosensitivity of this
glioblastoma cell line. For 5-ALA-PDT, the degree of phototoxicity corresponded well with the PplIX
level, but to a smaller extent with the measured ABCG2 expression. The induction of the vector
resulted in a pronounced ABCG2 signal increase, whereas the enhancement of survival after PDT
was rather modest. Inhibiting ABCG2 with KO143 more than restored the photosensitivity for
5-ALA-PDT. When Ce6 was used as a photosensitizer, KO143-induced decrease of survival was
much less distinctive. An obvious explanation for this interesting finding is the suspected location
of ABCG2 in the mitochondrial membrane in addition to the cell membrane, where it affects the

PpIX accumulation but has no influence on the chlorin e6 content.

Combining Ce6- or 5-ALA-based PDT with an ABCG2-inhibitor might be an encouraging approach

to destruct glioblastoma stem cells in the future.
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4. Zusammenfassung

Photodynamische Therapie (PDT) mit 5-Aminolavulinsaure (5-ALA) oder Chlorin €6 (Ceb6) ist ein
vielversprechender neuer Therapieansatz bei der Behandlung maligner Hirntumore. 5-ALA ist ein
naturlicher Vorlaufer von Protoporphyrin IX (PplX), einem potenten im Mitochondrium
produziertem Photosensibilisator, welcher nach systemischer Applikation von 5-ALA
tumorselektiv akkumuliert, wahrend Ce6 direkt verabreicht werden kann. Das ATP-bindende
Transporterprotein ABCG2 spielt eine physiologisch bedeutsame Rolle beim Porphyrin- und
Chlorin-Efflux aus Zellen. Weiterhin werden Stammzelleigenschaften mit ABCG2 assoziiert. In
dieser Forschungsarbeit untersuchen wir die Rolle von ABCG2 auf die Empfindlichkeit von

Glioblastomzellen gegeniber 5-ALA- und Ce6-basierter PDT.

Wir verwendeten die Glioblastomzelllinie U251MG mit kontrollierbarer ABCG2-Expression
(sU251MG-V mit Doxycyclin-induzierbarer ABCG2-Uberexpression; Kontrollzellen U251MG-EV
mit leerem Expressionsvektor). Zellen, die den Vektor enthielten, exprimierten etwas mehr ABCG2
auf der Oberflache als die Leervektorzellen (,Undichtigkeit® des Vektors). Fur beide
Photosensibilisatoren beobachteten wir eine zunehmende zelluldare Akkumulation gemessen
anhand ihrer Fluoreszenz bei steigenden Dosierungen sowie eine licht- als auch Ce6-/PplX-
konzentrationsabhangige Phototoxizitat gegeniber der PDT. Obwohl die ABCG2-Induktion das
ABCG2 auf der Zellmembran drastisch erhéhte und demnach die Fluoreszenz und Phototoxizitat
in den ABCG2-Uberexprimierenden Zellen signifikant reduzierte, war die Reduktion von
intrazellularem PplX im Vergleich zu den Leervektorzellen eher moderat, obwohl man eine viel
starkere Reduktion erwartet hatte. In mit Ce6 inkubierten Zellen konnten zwei Fluoreszenzpeaks
wahrend der Akkumulation des Photosensibilisators in ABCG2-exprimierenden Zellen
nachgewiesen werden, was auf zwei Zellpopulationen mit niedriger und hoher Expression des
Transgens hinweist, wahrend nur ein Hauptpeak in den Leervektorzellen beobachtet wurde.
Durch Blockung der Zellen mit dem ABCG2-Inhibitor KO143 konnte fiir beide Zelltypen eine, Uber
das Ausgangsniveau hinaus, gesteigerte PplX-Fluoreszenz detektiert werden, woraus sich eine
endogene ABCG2-Expression der Leervektorzellen ableiten lasst. Die bereits durch den nicht-
induzierten ABCG2-Vektor leicht erhéhte Expression von ABCG2 auf der Zellmembran flhrte
bereits zu einer erheblichen Reduzierung der PpIX-Spiegel und zu verminderter Phototoxizitat.
ABCG2-Hemmung mit dem Tyrosinkinaseinhibitor Sorafenib und einem blockierenden ABCG2-
Antikorper fuhrte zu einer gesteigerten Ce6-vermittelten Fluoreszenz, wahrend keine signifikante

PpIX-Erhéhung in mit 5-ALA inkubierten Zellen detektiert werden konnte. Dieser Unterschied
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konnte darauf beruhen, dass KO143 nicht nur das ABCG2 auf der Zelloberflache blockiert,

sondern auch das mitochondriale ABCG2.

Inkubation mit fetalem Kalberserum (FCS) verminderte die intrazelluldre Akkumulation von Ce6
und PpIX. Dies weist auf einen FCS-unterstiitzten ABCG2-vermittelten Efflux hin. Bei
Koinkubation mit KO143 wahrend der Effluxperiode reduzierte sich der Efflux auf das Niveau,
welches auch ohne FCS erreicht wurde. Die Abhangigkeit der Effluxkinetik von FCS war
ausgepragter, wenn Zellen mit 5-ALA inkubiert wurden als mit Ce6. Ein weiterer Unterschied ist
der progrediente PplX-Anstieg in serumfreiem Medium, offenbar aufgrund der anhaltenden PplIX-

Synthese aus 5-ALA bei minimalem PpIX-Efflux.

In U87-Glioblastomzellen, welche aus Tumorzellspheres stammten, war die ABCG2-Expression
erhoht und die Ce6-Akkumulation sowie die Phototoxizitat im Vergleich zu der adharenten U87-
Monolayer-Zellkultur reduziert. Dies deutet darauf hin, dass die ABCG2-Expression mit
stammzellahnlichen Eigenschaften in der Glioblastomzelllinie U87 assoziiert ist und vermutlich fur
die Resistenz gegenuber der PDT aufgrund einer verringerten Akkumulation des

Photosensibilisators verantwortlich ist.

Zusammenfassend zeigten die Experimente deutlich, dass die stammzellassoziierte ABCG2-
Expression zu einer verminderten Akkumulation der Photosensibilisatoren Ce6 und PpIX und
einer entsprechend verringerten Photosensitivitat in dieser Glioblastomzellpopulation fihrt. Die
observierte Phototoxizitat korrespondierte mit dem PpIX-Gehalt fur 5-ALA-PDT, verhielt sich
jedoch in geringerem Male kongruent zu dem beobachteten Niveau der ABCG2-Expression. Die
Induktion des Vektors fiihrte zu einem sehr ausgepragten ABCG2-Signal, wahrend die Steigerung
der Uberlebensrate nach PDT eher moderat war. Eine Hemmung von ABCG2 durch KO143 stellte
die Lichtempfindlichkeit fir 5-ALA-PDT wieder her. Bei Verwendung von Ce6 als
Photosensibilisator war die Abnahme der Uberlebensrate, die auch durch KO143 induziert werden
konnte, weitaus geringer. Dies konnte daran liegen, dass ABCG2 vermutlich neben der
Zellmembran auch in der Mitochondrienmembran lokalisiert ist, wo es die PplX-Akkumulation,

jedoch nicht den Ce6-Gehalt beeinflusst.

Eine Kombination von Ce6- oder PplX-basierter PDT mit einem ABCG2-Inhibitor kénnte in Zukunft

eine vielversprechende Methode sein, Glioblastomstammzellen zu zerstéren.
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ARTICLE INFO ABSTRACT

Keywords: Background: Photodynamic therapy (PDT) of malignant brain tumors is a promising adjunct to standard treat-
Photodynamic therapy ment, especially if tumor stem cells thought to be responsible for tumor progression and therapy resistance were
Chlorin e6 also susceptible to this kind of treatment. However, some photosensitizers have been reported to be substrates of
gﬁ(o:l()}listoma ABCG2, one of the membrane transporters mediating resistance to chemotherapy. Here we investigate, whether

inhibition of ABCG2 can restore sensitivity to photosensitizer chlorin e6-mediated PDT.

Methods: Accumulation of chlorin e6 in wild type U87 and doxycycline-inducible U251 glioblastoma cells with
or without induction of ABCG2 expression or ABCG2 inhibition by KO143 was analyzed using flow cytometry. In
U251 cells, ABCG2 was inducible by doxycycline after stable transfection with a tet-on expression plasmid.
Tumor sphere cultivation under low attachment conditions was used to enrich for cells with stem cell-like
properties. PDT was done on monolayer cell cultures by irradiation with laser light at 665 nm.

Results: Elevated levels of ABCG2 in U87 cells grown as tumor spheres or in U251 cells after ABCG2 induction
led to a 6-fold lower accumulation of chlorin e6 and the light dose needed to reduce cell viability by 50% (LD50)
was 2.5 to 4-fold higher. Both accumulation and PDT response can be restored by KO143, an efficient non-toxic
inhibitor of ABCG2.

Conclusion: Glioblastoma stem cells might escape phototoxic destruction by ABCG2-mediated reduction of
photosensitizer accumulation. Inhibition of ABCG2 during photosensitizer accumulation and irradiation pro-
mises to restore full susceptibility of this crucial tumor cell population to photodynamic treatment.

Cancer stem cells

1. Introduction

Despite multimodal and aggressive treatment, glioblastoma multi-
forme (GBM) remains connected with a dismal prognosis. Median sur-
vival of < 15 months and two year survival of 26.5% result from state
of the art surgery and radiochemotherapy [1]. Among the plethora of
experimental treatment options tried in case of recurrence, PDT with
different photosensitizers has a long standing history. Initially, mostly
Photofrin was used as a photosensitizer [2] and long-term survivors
were occasionally reported [3]. The side-effect profile with this pho-
tosensitizer, however, significantly increased with increasing light dose
[4]. Therefore, the investigation of other photosensitizers for PDT of

GBM, such as 5-ALA induced PpIX [5] or Chlorin e6 [6] is highly
warranted.

One of the open questions is, whether drug resistance mediated by
drug efflux transporters, especially expressed in cancer stem cells [7], is
also a critical issue with photosensitizers. In GBM, a cell population,
over-expressing membrane transporter ABCG2 and other stem cell
markers is made responsible for escaping chemotherapy and to cause
recurrence [8,9]. Some photosensitizers are known substrates of ABCG2
and, therefore, stem cells the critical cell population of glioblastoma
might therefore be resistant to PDT [10].

Chlorin e6 (Ce6) has so far been reported in clinical applications
only for some derivatives, called Talaporfin (Laserphyrin, NPe6, LS11,
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MACE (mono-(L)-aspartyl chlorin e6), ME2906, Aptocine, Litx) [6,11],
SnCe6, Photolon [12], Radachlorin [13] or Photoditazin. But the pure
trisodium salt of chlorin e6 is as well highly active [14,15] and is
currently used in clinical trials [16]. In Japan, Talaporfin is approved
for PDT of glioblastoma [6,17,18]. The absorption wavelength of Ce6 of
664 nm offers an improved light penetration into brain tumor tissue
compared to photosensitizers such as Photofrin (630 nm) or 5-ALA-
based PpIX (633-635 nm).

Little is known about the interaction of Ce6 with the membrane
transporter ABCG2. Robey et al. [10] reported on Ce6 being a substrate
of ABCG2 and correspondingly, PDT sensitivity was decreased in
ABCG2-overexpressing cells. However, possible measures to inhibit
ABCG2 were only investigated with regard to cellular fluorescence, but
not with regard to consequences for PDT efficiency. Similarly, Gon-
zalez-Lobato et al. [19] used Ce6 as a reporter of ABCG2 activity and
found that fumitremorgin C (FTC) blocks Ce6 transport by ABCG2.
However, the consequences for PDT efficiency were not investigated.

Here, we report on the differential accumulation of Ce6 in U87 and
U251 glioblastoma cell lines, where the U251 cell line was transfected
with either an empty vector (U251-EV) or an inducible vector coding
for human ABCG2 (U251-V). U87 cells were also grown as tumor
spheres with the aim to increase the fraction of stem-like cells and to
explore, whether Ce6 accumulation is different under these conditions.
We also investigated the PDT efficiency and the effect of blocking
ABCG2 by KO143 and sorafenib.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

The human glioblastoma cell line U87MG was obtained from the
Institut fiir angewandte Zellkultur, Dr. Toni Lindl GmbH (Munich,
Germany). U251MG-L106 is a genetically engineered subclone of
U251MG cells containing a single Flp recombinase target (FRT) site
[20] which was kindly provided by the Genome & Proteome Core Fa-
cility of the German Cancer Research Centre (Heidelberg, Germany).
U251MG-L106 was utilized for site-specific integration of a vector for
doxycycline (Dox)-inducible expression of ABCG2 (resulting in U251-V)
and the corresponding empty control vector (resulting in the isogenic
control clone U251-EV), respectively. Cells were cultured in complete
DMEM medium supplied with 10% fetal calf serum (FCS, Biochrom AG,
Berlin, Germany), 100 U/ml penicillin, 100 pg/ml streptomycin,
100 uM non-essential amino acids and 1 mM sodium pyruvate (GIBCO/
Invitrogen, Karlsruhe, Germany) at 37 °C with 5% CO, in a humidified
atmosphere. U251MG-L106 transfectants were routinely maintained in
the presence of 150 pg/ml hygromycin (Sigma-Aldrich Chemie, Mu-
nich, Germany).

2.2. Sphere Formation

Cells were grown as spheres in 75 cm? ultra-low attachment flasks
(Corning Costar, Amsterdam, Netherlands) at a density of 120 cells/
10 ml and cultured for 5 days. Medium consisted of serum free DMEM
F-12 supplemented with 2% (v/v) B27 (Invitrogen, Life Technologies
GmbH, Darmstadt, Germany), 0.08% (w/v) basic fibroblast growth
factor and 0.08% (w/v) epidermal growth factor (Sigma-Aldrich
Chemie, Munich, Germany). Spheres consisting of > 10 cells were
counted using an inverted microscope (Leica DMIL, Wetzlar, Germany).
For experiments, cells were dissociated from the spheres using Biotase
(GIBCO/Invitrogen, Karlsruhe, Germany) and cells were cultured in
tissue culture plates.

2.3. Flow Cytometry

Cells were washed with pre-warmed phosphate-buffered saline
(PBS) and incubated for 15 min in the incubator with 1 x trypsin
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(Lonza Rockland Inc., USA) in PBS to allow cell detachment or sphere
dissociation. Trypsinization was stopped by the addition of complete
medium and cells were collected by centrifugation for 5min at
251 x g/1500 rpm. Non-specific binding was blocked by incubating the
cells for 20 min at 37 °C in blocking buffer (0.5% human serum albumin
in PBS). For quantitation of ABCG2 expression, cells were incubated for
1h at room temperature with 2-4 ug/ml of mouse monoclonal anti-
ABCG2 antibody 5D3 (Santa Cruz Biotechnology, USA) diluted with
binding buffer (2% human serum albumin in PBS). Cells were washed
with PBS three times to remove excess antibody. As a negative control
an isotype matched control antibody (normal mouse IgG2;, Santa Cruz
Biotechnology, Heidelberg, Germany) was used. Cells were then in-
cubated for 30 min with 10 pg/ml goat anti-mouse polyclonal anti-
bodies conjugated with fluorescein isothiocyanate (FITC; Dianova,
Hamburg, Germany) and diluted with binding buffer at room tem-
perature in the dark. Finally cells were washed once with PBS, placed
on ice and fluorescence was measured using a FACSCalibur flow cyt-
ometer (BD Biosciences, Heidelberg, Germany) with an excitation wa-
velength of 488 nm and fluorescence detection with filter 2. A
minimum of 3 x 10* viable cell events were recorded per sample. BD
CellQuest™ software (version 4.0.2) was used for data acquisition and
data were processed using FlowJo software (version 8.8.6; Tree Star,
Ashland, Oregon, USA). For discrimination of live/dead cells, 7-ami-
noactinomycin D (7-AAD) or propidium iodide (BD Biosciences,
Heidelberg, Germany) was used.

2.4. Photosensitizer Generation and Loading

Tumor cells (6 x 10* per well) were plated in 24-well plates (Nunc
GmbH, Wiesbaden, Germany) and grown over night in DMEM with
10% FCS or for 72 h in the same medium supplemented with 1 ng/ml
doxycycline to induce ABCG2 expression. Cells were washed with FCS-
and phenol red-free DMEM. The cells were incubated in FCS- and
phenol red-free medium with 5-160 uM Ce6 (Apocare Pharma,
Bielefeld, Germany) for 4-12 h. To assess the effect of FCS on uptake,
DMEM was either serum-free or supplied with 2% or 10% FCS. The
influence of FCS on Ce6 loss from cells was tested by incubation of the
cells after washing with serum-free medium in medium with 0%, 2% or
10% FCS for 1-16 h. To evaluate the influence of ABCG2 on Ce6 ac-
cumulation, U251-V cells with or without induction of ABCG2 expres-
sion by doxycycline were incubated with Ce6 in the presence or absence
of the ABCG2 inhibitors KO143 (1.5puM; Sigma-Aldrich Chemie,
Munich, Germany), sorafenib (3.2 pM; LC Laboratories, Woburn, USA)
or the anti-ABCG2 antibody 5D3 (2 pg/ml). U251-EV cells were treated
the same way as a control. To compare the results obtained with an
exogenously added photosensitizer with the endogenously generated
photosensitizer protoporphyrin IX (PpIX) in some experiments Ce6 was
replaced by the precursor 5-aminolevulinic acid (5-ALA; 200 pg/ml;
Medac GmbH, Hamburg, Germany) for 12 h. 5-ALA stock solutions
(1 mg/ml) were freshly prepared in PBS and the pH was adjusted to 7.
After photosensitizer accumulation, the medium was replaced with ice
cold PBS and cells were collected by incubation with trypsin as de-
scribed above. The pellet was resuspended in 0.5ml cold PBS and
fluorescence of 50,000 cells was detected by flow cytometry using an
excitation wavelength of 630 nm and detection in the FL3 photo-
multiplier tube (670 nm long pass filter) for PPIX and FL6 photo-
multiplier tube for Ce6. The median of cell fluorescence was used after
subtraction of the median of the fluorescence of unlabeled cells as a
measure of Ce6 or PpIX content in the tumor cells. In all experiments
with sensitized cells, care was taken to minimize exposure of the cells to
ambient light.

2.5. PDT Treatment

Cells were plated at a density of 1 x 10 per well in flat bottom 96-
well plates (Nunc GmbH, Wiesbaden, Germany) in 6 replicates per data
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point and grown for 6-8 h in medium with 10% FCS. Sensitization of
the cells with 5 or 10 uM Ce6 with or without 1.5 uM KO143 was
performed for 4 h in 100 pl of fresh medium with 2% FCS. The medium
was replaced with 100 pl of medium without phenol red (Invitrogen/
Gibco, Karlsruhe, Germany) containing supplements and 2% serum as
listed above. At the end of the incubation period, cells were gently
washed with pre-warmed PBS and supplied with serum free DMEM
medium without phenol red. Irradiation took place using a 670 nm
diode laser light (CeramOptec GmbH, Bonn, Germany) delivered by a
600 pum fiber with an attached microlens (Biolitec AG, Jena, Germany)
adjusted to 50 mW/cm? in a light tight box with a 37 °C warm plate.
After irradiation with a series of light doses (0.5-8 J/cm?), cells were
incubated in 10% FCS-containing DMEM medium for 4 h at 37 °C in the
incubator. For each experiment, a dark control was included in which
cells were incubated with Ce6, but not irradiated. Moreover, light only
controls were included in which cells were irradiated with the highest
tested light dose without prior Ce6 sensitization.

2.6. Cell Viability Assay

After PDT, cell viability was quantified using the MTT assay fol-
lowing the instructions of the manufacturer (Sigma-Aldrich Chemie,
Munich, Germany). In brief, 20 pul of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/ml PBS) was added
to 100 pl medium and left in the incubator for 4 h. Crystals were dis-
solved in 20% SDS overnight at 37 °C in the incubator and absorbance
was measured at 560 nm using a FLUOstar OPTIMA microplate reader
(BMG LABTECH, Jena, Germany). The absorbance of cell-free medium
was also measured and referred to as blank. Viability was calculated by
subtracting the blank values from the obtained reading for treated cells
and results were expressed as % of the control cells.

2.7. Statistics

The number of experimental replicates is indicated in the figure le-
gends. Significance levels (P) were calculated using Two-way ANOVA in
the GraphPad Prism3 software package. Comparisons of samples ex-
hibiting P values < 0.05 were considered to be significantly different.

3. Results
3.1. ABCG2 Expression in Inducible U251-V Cells

Cells were stained with the fluorescently labeled specific ABCG2
antibody 5D3 [21] for ABCG2 expression quantification (Fig. 1). Flow
cytometry findings revealed low, but detectable surface expression of
ABCG2 in the absence of the inducer doxycycline (Dox) in both U251-
EV and U251-V cells, as apparent by a comparison to fluorescence in-
tensities measured for the isotype control stained negative control cell
population. Induction with Dox at concentrations of 1 ng/ml or more
induced ABCG2 expression in U251-V in a manner that produced a
broad distribution of fluorescence intensities in the histogram. Parti-
cularly, ABCG2 induction using 10,000 ng/ml Dox indicated three
distinct cell populations with low, medium and high expression of in-
duced ABCG2, as designated 1, 2 and 3, respectively, in Fig. 1la. The
maximum of the first peak in this histogram is shifted approximately 50
fluorescence units compared to non-induced cells (Fig. 1a). The position
of the peaks is the same for 1 ng/ml and 10,000 ng/ml Dox with a shift
of the relative contribution of populations with higher ABCG2 expres-
sion, which is responsible for the increase in geometric mean values
with increasing Dox concentration. 1 ng/ml was used in further ex-
periments to induce ABCG2 in U251-V cells. U251-EV cells with or
without 1 ng/ml Dox showed only one peak (not shown) and the same
mean ABCG2 surface expression as the non-induced U251-V cells
(Fig. 1b), most probably representing basic surface expression origi-
nating from endogenous ABCG2.
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3.2. ABCG2-Mediated Ce6 Efflux Capacity is Saturable, Sensitive to Serum
Concentration and can be Inhibited by KO143

3.2.1. Dose-Response and Inhibition Analyses, Effects of Serum

To investigate whether and to which extent the intracellular accu-
mulation of Ce6 depends on ABCG2 expression and activity, we in-
vestigated Ce6-mediated fluorescence in Dox-treated U251-V vs. isogenic
U251-EV cells at different concentrations of the photosensitizer, as well
as in presence vs. absence of KO143, a specific ABCG2 inhibitor [22] As
expected, flow cytometric analyses revealed two major peaks of Ce6-
mediated fluorescence in ABCG2 expressing U251-V cells, which most
probably correspond to the previously identified cell populations with
high and low expression of the transgene, respectively. The peak re-
presenting cells with less Ce6 will be referred to as “weakly fluorescent
cells” and the other one as “strongly fluorescent cells”. The number of
weakly fluorescent cells was sensitive to both increasing extracellular
Ce6 concentration and the presence of KO143, indicating both efflux
capacity saturation and KO143-mediated inhibition of ABCG2-mediated
efflux (Fig. 2a). In contrast, U251-EV cells revealed one major peak at a
high fluorescence intensity, irrespective of the Ce6 concentration.

It has been described that the presence of serum protein has an
activating effect on ABCG2-mediated drug efflux via translocation of
the protein to the cytoplasmic membrane [23]. We tested the impact of
serum protein on Ce6 accumulation in Dox-induced U251-V cells via
flow cytometry. As expected, we found a decrease in both mean
fluorescence intensities (Fig. 2b), as well as in the relative number of
strongly fluorescent cells (Fig. 2c) with increasing serum concentrations
during Ce6 incubation. Interestingly, uninduced U251-V cells revealed
a stronger decrease in Ce6 accumulation with increasing serum protein
when compared to isogenic U251-EV control cells under identical
treatment conditions (Fig. 2d). These findings indicate enhanced Ce6
efflux capacities of U251-V, which may be a result of leaky expression
of the transgene in the absence of Dox.

3.2.2. Serum Protein Increases ABCG2-Mediated Ce6 Efflux

We wanted to verify that reduced Ce6-mediated intracellular
fluorescence is not solely caused by molecular interaction of the pho-
tosensitizer with serum protein (which may reduce the effective con-
centration within the culture medium). In other words, we wanted to
investigate whether a response to serum protein-mediated cell signaling
does indeed play an important role. Thus, we temporally decoupled
Ce6- from serum treatment. Dox-induced U251-V were incubated with
40 pM Ce6 for 5 h in serum free medium and subsequently kept in Ce6-
free but 0%, 2% or 10% FCS-containing medium for up to 16 h (Fig. 3).
The Ce6 levels in the cells were determined by flow cytometry. Two
peaks were seen in the histograms directly at the end of the incubation
period. The relative distribution of the cells in either peak containing
weakly or strongly fluorescent cells was affected by both the FCS con-
centration and the length of the post-incubation period. The percentage
of cells in the peak containing strongly fluorescent cells continuously
decreased with the increase in FCS concentration and longer post-in-
cubation periods, indicating FCS-supported, ABCG2-mediated efflux.

The influence of endogenous ABCG2 on intracellular Ce6 efflux was
further studied in U251-EV cells. Cells were incubated for either 5 or
12 h with either 40 or 160 puM Ce6 in serum free medium and the efflux
was investigated as described for U251-V cells. The cellular Ce6 fluor-
escence decreased over time by 25 to 75% (Fig. 4). The higher the FCS
concentration in the medium, the faster was the Ce6 efflux. After the
shorter (5 h) incubation period, the efflux started with a considerable
delay, especially when there was no FCS in the medium. When KO143
was present during the efflux period, the efflux was most of the time
reduced to the level obtained without FCS.

3.2.3. PpIX Efflux
In order to put these results in context with the kinetics of other
photosensitizers, U251-EV cells were also incubated with 5-ALA
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Fig. 1. ABCG2 induction by doxycycline: a) ABCG2 expression after incubating U251-V cells for 72 h with different doxycycline (Dox) concentrations as determined by flow cytometry. b)
Dependence of cell surface ABCG2 protein expression on Dox concentration after incubation for 72 h for both U251-V and U251-EV cells. Shown is the average and standard deviation of
errors for geometrical means of flow cytometry measurements (n = 3). U251-V, ABCG2 expression vector; U251-EV, empty vector.

(1.2 mM for 12 h without FCS). Fig. 5 shows the course of PpIX fluor-
escence, when the cells were then kept in medium without 5-ALA and
0%, 2% or 10% FCS respectively.

The dependence of efflux kinetics on FCS is more pronounced than
with Ce6. A 50% decrease in PpIX concentration was observed after
only 1h in medium containing 10% FCS (Fig. 5). For cells incubated
with Ce6 for 12 h, it required 4 h when Ce6 concentration was 40 pM
and 8 h when the concentration was 160 puM to reach the same decrease
in intracellular photosensitizer levels. A striking difference is also the
further increase of sensitizer concentration in serum-free medium, ob-
viously due to ongoing PpIX synthesis from 5-ALA at minimum PpIX
efflux.

3.2.4. Inhibtion of Ce6 Efflux by Anti-ABCG2 Antibody and Sorafenib
Our results indicate an efficient inhibition of ABCG2-mediated ef-
flux of Ce6 by KO143. To further assess the inhibiting activity of
KO143, we compared it to inhibition mediated by i) the specific
monoclonal ABCG2 antibody 5D3, and ii) the multikinase inhibitor
sorafenib [24]. Similar to treatment with KO143, treatment with either
5D3 or sorafenib led to a single peak histogram in the flow cytometry
analysis of Dox-treated U251-V cells (histograms not shown). But
whereas KO143 and 5D restored Ce6 accumulation completely, sor-
afenib was not as efficient, leading to approx. 75% of Ce6-mediated
fluorescence when compared to the inhibitor-free control. There was no
significant difference between pre-incubating the cells with the in-
hibitor and co-incubating the inhibitor along with Ce6 (Fig. 6).

3.3. PDT Efficiency is Reduced by ABCG2 Expression

Irradiation of monolayer U251-V cells led to a light fluence- and Ce6
concentration-dependent phototoxicity. ABCG2 induction led to a sig-
nificantly reduced phototoxicity as compared to non-induced cells or
induced cells, which were co-incubated with KO143 (Fig. 7). The
slightly higher response of KO143-treated induced cells as compared to
the non-induced cells was not statistically significant. KO143 co-in-
cubation showed a significant effect on phototoxicity only after ABCG2
induction.

3.4. Cancer Stem Cells are More Resistant to PDT due to High ABCG2
Levels

After 3 days of spheres cultivation, three dimensional cell structures
could be seen (Fig. 8a). For U87 cells originating from spheres, ABCG2
expression as determined by flow cytometry was increased 2.1-fold
(standard error: 0.14, n = 2) compared to adherent U87 cells grown as
monolayers (Fig. 8b) and Ce6 accumulation in the monolayer cells
grown after sphere dissociation was reduced to 16.9% (standard error:
0.015%, n = 2) (Fig. 8c).

Ce6-sensitized U87 cells in adherent monolayer cell culture ex-
hibited a stronger phototoxicity than U87 cells grown in adherent
monolayer after sphere dissociation. The light dose values to achieve
50% cell death were approximately 0.5 and 2J/cm? respectively
(Fig. 8d).



S.A. Abdel Gaber et al.

Journal of Photochemistry & Photobiology, B: Biology 178 (2018) 182-191

U251-EV cells = U251-V cells >
876 904 984 1004
(a) i 5uM 5uM 10 yM 20 uM
@ 5 5 i}
8 3 2
e £ € 5
= c 2 =
T = = =
804 0uM o 3 ) ]
3 D
£ $rrRR 1ot 010 000t 00100 10 0t o' M0t e 0t
2 Chlorin e6 Chiorin e6 Chlorin e6 Chlorin e6
3 w5 160 pM | * aoum 80 uM | 7 160 uM
I} e - -
o (7] [ (7]
£ 8 8 8
R TN R O 3 5 5 £
Chlorin e6 3 £ = =
& 3 3 S
10 10 10 10° o' 10 o010t 10 10 10° 10 10" 10 10° T 40t
Chlorin €6 Chiorin €6 Chlorin e6 Chlorin €6
1000 FCS-f di 1000 " . . 1000
-free medium 2% FCS-containing medium 10% FCS-containing medium —o— Weakly fluorescent cells
—o— Strongly fluorescent cells
800 800 800 —o— Inhibited with KO143
=)
T | 600 600 600
=
8
s 400 400 400
o
3
5 | 200 200 200
=
w
0 . — - 0 0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Chlorin e6 concentration (uM)
(C) 120 FCS-free medium 120 2% FCS-containing medium 120 10% FCS-containing medium
o = ining I mmm \Veakly fluorescent cells
100 100 e . T 100 — Strongly fluorescent cells
9 80 80 80
e
2 60 60 60
=]
=
2| 4 40 40
o
Q
3 20 20 20
o
0 0 0
5 10 20 40 80 160 5 10 20 40 80 160
Chlorin e6 concentration (uM)
( ) 1400 . 1400 1400
FCS-free medium 9 - ini i D - ini i "
2% FCS-containing medium 10% FCS-containig medium o— U251-V without ABCG2 induction
1200 1200 1200 o= U251-EV
3 | 1000 1000 1000
L
‘g' 800 800 800
[
g | 600 600 600
[
g 400 400 400
=
i | 200 200 200
0 0 0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Chlorin e6 concentration (uM)

Fig. 2. Concentration and serum dependence of Ce6 uptake: a) Histograms of Ce6 uptake after incubation of U251-EV and ABCG2-induced U251-V cells for 4 h with the indicated
concentrations of Ce6 in serum free medium without (white area) or with co-incubation of 1.5 uM KO143 (filled area overlay). b) Intracellular Ce6 levels as measured from FACS
histograms without or with 2% or 10% FCS in the incubation medium (n = 3). Ce6 concentration-dependent geometrical mean intensities of weakly fluorescent and strongly fluorescent
cells, as well as of the histograms of cells co-incubated with KO143 (n = 3; rFLU, relative Fluorescence Units). c) Relative contribution (area under curve) of the weakly fluorescent and of
the strongly fluorescent cells. d) Comparison of U251-EV and U251-V cells without ABCG2 induction with respect to their uptake of Ce6 after 4 h incubation in serum free, 2% or 10%
FCS-containing medium (n = 3). s for geometrical means of flow cytometry measurements (n = 3). U251-V, ABCG2 expression vector; U251-EV, empty vector.

4. Discussion

ABCG2 expression is associated with stem-like properties in GBM
and is thought to be responsible for resistance to chemotherapy
[25,26]. Photodynamic therapy of GBM may also be of limited effec-
tiveness, if GBM stem-like cells accumulate less photosensitizer due to
their high levels of ABCG2 and thus may survive light irradiation. On
the other hand, ABCG2 activity can be blocked by a series of drugs,
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some of them being in clinical use, such as sorafenib [27]. For the
purpose of improving the susceptibility of GBM stem-like cells to PDT,
such ABCG2 inhibition needs to be performed only for a couple of hours
thus limiting potential side effects. Overall side effects of such drugs
will thus be considerably reduced compared to any combination with
chemotherapy, which has to be applied for weeks or months.

We have used two different cell lines of glioblastoma origin with
controllable ABCG2 expression and investigated the corresponding
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Fig. 3. Ce6 efflux dynamics depends on FCS concentration: Ce6 efflux of Dox-induced U251-V cells incubated for 5 h with 40 uM Ce6 in serum-free medium. Shown are histograms along
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FCS concentrations. One representative experiment is shown (n = 2).

consequences for Ce6 accumulation and phototoxicity. We have also
studied the influence of the presence of serum proteins on the accu-
mulation of the photosensitizer and the efficiency of ABCG2 sensitizer
export.

U251 cells had been genetically engineered for dox-
ycycline-inducible expression of ABCG2 (U251-V) and a corresponding
isogenic empty vector control cell line (U251-EV), respectively. As ex-
pected, U251-EV cells did not express more ABCG2 when induced by
Dox, while U251-V cells did. However, both cell lines do contain a
certain level of endogenous, vector-independent ABCG2 shown in Fig. 1
and as suggested by the reduced efflux of Ce6 upon blocking of ABCG2
by KO143 shown in Fig. 4 for U251-EV cells. With regard to both Ce6
accumulation and surface staining using a fluorescently labeled ABCG2-
specific antibody, U251-V cells revealed subpopulations which were
sensitive to Dox concentration, indicating a heterogeneous ABCG2 ex-
pression in the genetically engineered cell line. The non-induced U251-
V cells showed a slightly reduced Ce6 uptake in FCS containing medium
compared to U251-EV cells, indicating that the ABCG2 plasmid did
express some ABCG2 even in the absence of the inductor (Fig. 6), thus
showing some “leakiness” of the expression system. In FCS-free
medium, there was hardly any difference, an indication of a supportive
effect of serum proteins on the efficiency of ABCG2.

The amount of serum proteins from the FCS in the incubation
medium has a dual effect: 1. Ce6 binds to serum proteins and is less
available for cellular uptake at high FCS concentrations [28], 2. ABCG2
efficiency is enhanced by FCS, leading to increased efflux of in-
tracellular photosensitizer, as shown for 5-ALA induced PpIX [29]. The
first effect is evident, when looking at the graphs in the top row of
Fig. 2b; when ABCG2 is blocked with KO143 (top curves), the in-
tracellular Ce6 fluorescence intensity decreases with increasing FCS
concentration for any given Ce6 concentration. This effect is stronger
for lower Ce6 concentrations, because at lower Ce6 concentrations,

most of the Ce6 is bound to serum proteins, whereas at high Ce6 con-
centrations, most of the Ce6 is unbound and uptake into the cells is less
dependent on FCS concentrations. The second effect is readily visible in
Fig. 4, where efflux is fastest at the highest FCS concentration — unless
ABCG2 is blocked by KO143.

Another interesting finding can be derived from the data presented
in Fig. 2: the higher the intracellular Ce6 concentration, the larger the
fraction of cells in the peak containing strongly fluorescent cells, which
is at the same position (Ce6 fluorescence intensity) as when the cells are
incubated with KO143. This suggests that Ce6 may inhibit ABCG2 ac-
tivity at sufficiently high intracellular concentration. It has previously
been shown that molecules can be substrates and inhibitors for ABCG2
at the same time, depending on their concentration, as e.g. reported for
some tyrosine kinase inhibitors (gefitinib, imatinib) [30].

In our hands, ABCG2 activity could be blocked very effectively by
either KO143 or an anti-ABCG2 antibody (5D3) (Fig. 6). 5D3 binding to
ABCG2 is known to cause its endocytosis [31,32] which may explain
the observed restoration of Ce6 cellular accumulation. It was not ne-
cessary to pre-incubate the induced U251-V cells with the inhibitor, co-
incubation with Ce6 showed the same effect, meaning that the in-
hibitory effect is rather instantaneous. With sorafenib, a clinically va-
lidated multikinase inhibitor which was previously reported to also
inhibit ABCG2 [27,33], we observed only incomplete inhibition, as the
Ce6 levels did not reach levels obtained, when either KO143 or the anti-
ABCG2 antibody 5D3 were used.

The most important question in the context of PDT is the con-
sequence of an elevated ABCG2 expression for the phototoxicity. As
expected, upon induction of ABCG2 expression, U251-V cells exhibited
less phototoxicity (Fig. 7), which was, however, restored when ABCG2
was inhibited by co-incubation with KO143. The even higher photo-
toxicity observed for these cells compared to the non-induced cells, may
be indicative of the activity of endogenous ABCG2 and “leakiness” of
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Fig. 6. Ce6 accumulation is reduced when ABCG2 is expressed and restored when it is inhibited by either co-incubation or pre-incubation with ABCG2 inhibitors such as 1.5 pM KO143,
3.2 uM sorafenib and 2 ug/ml of the antibody 5D3. U251-V cells were incubated for 5h with 10 uM Ce6 in serum-free medium. Ce6 fluorescence was determined by flow cytometry.
There was only one peak, when either of the inhibitors was applied and sorafenib showed the lowest ABCG2 inhibition efficiency. Shown are the mean values and standard errors of 2
independent experiments each (n = 2).Co: co-incubation with Ce6, pre: starting 1 h before Ce6 incubation.

the vector in the non-induced cells, as discussed above.

Finally, the association of ABCG2 expression with stemness prop-
erties of cancer cells was investigated. The growth of cells in spheres
with appropriate culture medium is known to enrich the population of
cells showing stem-like properties [34-36]. In a study of Schimanski
et al. [37], cells isolated from human GBM tumors were grown in such
spheres and exposed to ALA-based PDT. Although this investigation
proved sufficient phototoxicity for a complete destruction of these
presumably stem-like cells, it remained open, whether other growth
conditions might have led to an even higher phototoxicity. In our in-
vestigation, we compared standard monolayer U87 cells with U87 cells
grown in spheres. The experimental conditions were made as similar as

possible by growing the cells from dissociated spheres also as mono-
layers until they adhered to the flasks before PDT was performed. In-
deed, ABCG2 was increased and Ce6 concentration and PDT efficiency
were decreased in the U87 cells originating from spheres. We expected
a dual-peak in the ABCG2 flow cytometry results, corresponding to cell
population fractions with normal unchanged ABCG2 expression and a
more stem-like one with increased ABCG2. Instead, a single peak with
elevated ABCG2 was observed, indicating a homogenous stimulation of
ABCG2 expression (Fig. 8). The crucial clinical relevance of cancer stem
cell niches for the growth and recurrence of glioblastoma and the as-
sociation with ABCG2 has been pointed out earlier [8,9]. Unlike che-
motherapy, PDT has the potential to effectively kill cancer stem cells if
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Fig. 7. PDT efficiency is reduced by ABCG2, but restored by the addition of KO143. Viability of U251-V cells incubated for 4 h with 5 uM (left) and 10 uM (right) Ce6 after PDT with
665 nm laser in dependence of the light dose. Viability was measured 4 h after irradiation. FCS concentration was 2% during the Ce6 incubation period, 0% during irradiation and 10%
post irradiation. Mean values and standard errors are shown (n = 5). The differences in viability for “ABCG2 induced” versus “ABCG2 induced and inhibited” were statistically significant

for all light doses above 0.5 J/cm? (p < 0.01).
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Fig. 8. U87 sphere cells express higher levels of ABCG2
than adherent cells and are more resistant to PDT: (a)
Representative U87 spheres after culturing the cells for
3days in ultra low attachment flasks and serum free
medium. (b) Representative flow cytometry histograms and
bar graph of ABCG2 expression and (c¢) Ce6 accumulation of
U87 cells grown either as monolayer cell culture or spheres.
(d) Ce6 PDT efficiency for U87 cells grown either as ad-
herent monolayer or originating from spheres after being
incubated for 5h with 5uM Ce6 in 2% FCS-containing
medium. Mean values and standard error are shown
(n = 2).
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the uptake and accumulation of photosensitizer is enhanced by a short-
term inhibition of ABCG2. Glioblastoma cells with stem-like properties
are then photosensitized to the same degree as the rest of the tumor
cells and the appropriate dose of light is expected to destroy these
tumor-regenerating cells, which tend to resist chemo- or radiotherapy.

The limitations of the present study can be seen in the in-
homogeneous ABCG2 expression of the induced U251-V cells, showing
three cell populations with widely different ABCG2 expression (broad
peaks instead of a distinct shift of a single peak (Fig. 1)) with respect to
the non-induced controls. However, the results obtained do allow for
clear conclusions. For future studies, the selection of a more uniformly
ABCG2-expressing cell population will be tried. In addition it will be
interesting to investigate the interaction between Ce6 and ABCG2 more
comprehensively, as the results indicate that it may possess a substrate/
inhibitor nature.

In conclusion, the experiments clearly show that stemness-
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associated ABCG2 expression leads to a reduced accumulation of the
photosensitizer Ce6 and a correspondingly decreased photosensitivity
of this crucial cell population. Short-term inhibition of ABCG2 by
KO143 restores the photosensitivity. A combination of Ce6-based PDT
with an inhibitor of ABCG2 may therefore be a promising modality to
destroy stem-like cells in glioblastoma.
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ABSTRACT

Background: Photodynamic therapy with 5-aminolevulinic acid (5-ALA PDT) is a promising novel therapeutic
approach in the therapy of malignant brain tumors. 5-ALA occurs as a natural precursor of protoporphyrin IX
(PpIX), a tumor-selective photosensitizer. The ATP-binding cassette transporter ABCG2 plays a physiologically
significant role in porphyrin efflux from living cells. ABCG2 is also associated with stemness properties. Here we
investigate the role of ABCG2 on the susceptibility of glioblastoma cells to 5-ALA PDT.

Methods: Accumulation of PpIX in doxycycline-inducible U251MG glioblastoma cells with or without induction
of ABCG2 expression or ABCG2 inhibition by KO143 was analyzed using flow cytometry. In U251MG cells,
ABCG2 was inducible by doxycycline after stable transfection with a tet-on expression plasmid. U251MG cells
with high expression of ABCG2 were enriched and used for further experiments (sU251MG-V). PDT was per-
formed on monolayer cell cultures by irradiation with laser light at 635 nm.

Results: Elevated levels of ABCG2 in doxycycline induced sU251MG-V cells led to a diminished accumulation of
PpIX and higher light doses were needed to reduce cell viability. By inhibiting the ABCG2 transporter with the
efficient and non-toxic ABCG2 inhibitor KO143, PpIX accumulation and PDT efficiency could be strongly en-
hanced.

Conclusion: Glioblastoma cells with high ABCG2 expression accumulate less photosensitizer and require higher
light doses to be eliminated. Inhibition of ABCG2 during photosensitizer accumulation and irradiation promises
to restore full susceptibility of this crucial tumor cell population to photodynamic treatment.

1. Introduction

(PDT) are promising novel therapeutic approaches that involve ad-
ministration of the tumor-selective photosensitizer precursor 5-amino-

Glioblastoma multiforme (GBM) is the most common and most ag-
gressive type of primary malignant brain tumor in adults [1]. It is a
heterogeneous tumor with widespread invasion throughout the brain
and no clear tumor margins, which makes complete resection difficult.
Currently, there is no curative treatment available [2]. Standard
therapy, consisting of maximal surgical resection, radiotherapy and
adjuvant chemotherapy with temozolomide, can prolong the median
survival time up to 14.6 months. After relapse the median survival time
is only 6.2 months [3]. To improve the poor prognosis new modalities
are urgently needed.

Fluorescence guided resection (FGR) and photodynamic therapy

levulinic acid [(5-ALA), gliolan®)] leading to intracellular formation of
fluorescent and phototoxic protoporphyrin IX (PpIX). When PpIX is
excited by visible light (for maximal tissue penetration usually at a
wavelength of 635 nm) it generates reactive oxygen species [4-8]. This
photochemical reaction causes apoptosis and necrosis in tumor tissue
due to the toxicity of singlet oxygen, occlusion of tumor vessels, and
activation of the immune system which may result in tumor cell de-
struction [9].

5-ALA occurs as the natural precursor of PpIX in the heme bio-
synthesis pathway. Exogenously administered, it results in a highly
selective PpIX accumulation in tumor tissue due to multifactorial
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phenomena like increased expression of PpIX biosynthesis enzymes,
reduced ferrochelatase activity and blood brain barrier leakage in tu-
mors [10-13]. Due to this high tumor selectivity the normal brain is
very well protected from 5-ALA-mediated PDT [14]. A randomized
phase III study on 27 newly diagnosed GBM patients evaluated 5-ALA-
and photofrin-based FGR and repetitive PDT in GBM [15]. The authors
described a beneficial effect for the patients in the study group with a
mean survival of 52.8 = 26 weeks compared to 24.6 = 11.5 weeks
in the control group. Therefore, 5-ALA PDT offers a promising new
option for the management of malignant gliomas.

PpIX and other photosensitizers like chlorin e6 as well as a large
number of anticancer agents like topoisomerase inhibitors and tyrosine
kinase inhibitors serve as substrates for ABCG2, a member of ATP-
binding cassette transporter transmembrane proteins [16]. It acts as a
drug efflux pump, therefore, provoking drug resistance in cancer. In
normal tissue, ABCG2 has a variety of functions. It is expressed in the
placenta and blood brain barrier where it protects the fetus/brain from
harmful endo- and exotoxins.

It is also overexpressed in many cancer cells, especially in cancer
stem cells (CSC) [17]. In malignant glioma it represents an important
marker for the stemness phenotype [18]. CSC are thought to be re-
sponsible for tumorigenesis, resistance to chemo- and radiotherapy and,
therefore, the main cause for tumor recurrence [19]. Thus, targeting
CSC could increase the efficiency of tumor therapies.

With PpIX being a substrate of ABCG2, overexpression of ABCG2
potentially leads to less efficiency in the treatment with PDT. Here, we
demonstrate the decrease of PpIX accumulation by ABCG2 and PDT
efficiency in glioma cells using isogenic transfectants of the U251MG
cell line carrying either an inducible vector coding for human ABCG2
(sU251MG-V) or the respective empty control vector (U251MG-EV). We
also investigated the recovery of PpIX accumulation and PDT efficiency
by inhibiting ABCG2 with KO143.

2. Material and Methods
2.1. Cell Culture and Maintenance

The U25IMG cells used in this study (kindly provided by the
Genome & Proteome Core Facility of the German Cancer Research
Centre [Heidelberg, Germany]) are genetically engineered subclones
containing a single Flp recombinase target (FRT) site for site-specific
integration of a vector for doxycycline (Dox)-inducible expression of
ABCG2 (resulting in U251MG-V) and the corresponding empty control
vector (resulting in the isogenic control clone U251MG-EV), respec-
tively. Stable transfectants were generated as described previously
[20,21]. In U251MG-V cells, the ABCG2 expression is controlled by a
tetracycline-responsive cytomegalovirus (CMV) promoter that gets ac-
tivated by addition of doxycycline (Dox, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). Full expression of ABCG2 was achieved after
exposure to Dox for 48 h. The cell lines were maintained in the pre-
sence of 150 pg/ml hygromycin B in DMEM supplemented with 10%
fetal calf serum (FCS), 100 IE/ml penicillin, 100 pg/ml streptomycin
sulfate, 1 mM sodium pyruvate and 100 pM nonessential amino acid
(all Merck-Millipore, Darmstadt, Germany) in a humidified incubator
with 5% CO,/air at 37 °C.

2.2. ABCG2 Induction and Photosensitization

Glioblastoma cells (2.5 x 10° per well) were seeded in 6-well plates
(Sigma-Aldrich Chemie GmbH, Darmstadt, Germany) in DMEM con-
taining 10% FCS and incubated overnight. For ABCG2 expression, the
medium was changed the next day to DMEM containing 10% FCS, 150
pug/ml hygromycin B with 1 pg/ml doxycycline. After 48 h various
concentrations of 5-aminolevulinic acid (5-ALA, Medac GmbH,
Hamburg, Germany) diluted in DMEM containing 2% FCS were added.
A 1 mg/ml stock solution was freshly prepared in phosphate buffered
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saline (PBS, Merck-Millipore, Darmstadt, Germany) with its pH ad-
justed to 7.4. Cells were incubated with 5-ALA for 4 h in the presence or
absence of the ABCG2 inhibitors KO143 (Santa Cruz Biotechnology,
Heidelberg, Germany) or sorafenib (LC Laboratories, Woburn, USA).
Dimmed light was used when 5-ALA-treated cells were handled.

2.3. Flow Cytometric Analysis of Intracellular PpIX and ABCG2

After incubation with 5-ALA, cells were washed with pre-warmed
PBS and dissociated by incubation with 200 pl Biotase per 6-well plate
(Merck-Millipore, Darmstadt, Germany) for 20 min. The reaction was
stopped by adding PBS and after centrifugation at 251 x g/1500 rpm for
5min, cells were resuspended in 0.5 ml PBS. Cellular protoporphyrin
IX (PpIX) contents were measured using a flow cytometer (BD
FACSCalibur, Heidelberg, Germany) with an excitation wavelength of
488 nm and fluorescence detection with filter 3 (670 nm long pass
filter). A minimum of 3 x 10* viable cell events were recorded per
sample. BD CellQuest™ software (version 4.0.2) was used for data ac-
quisition and data were processed with FlowJo software (version
10.0.8r1; Tree Star, Ashland, Oregon, USA).

For ABCG2 quantification cells were handled as mentioned before,
but after centrifugation, cells were incubated for 1 h on ice with 2 pg of
mouse-monoclonal ABCG2 antibody 5D3 (Santa Cruz Biotechnology,
Heidelberg, Germany) diluted in 100 pl ice cold PBS. Cells were wa-
shed with PBS three times to remove unbound antibody. An isotype
matched control antibody (normal mouse I[gG2, Santa Cruz
Biotechnology, Heidelberg, Germany) was used as a negative control.
Cells were then incubated on ice for 30 min with 1 ug goat anti-mouse
polyclonal antibodies conjugated with DyLight 488 (ThermoFisher
Scientific GmbH, Schwerte, Germany) diluted with PBS in the dark.
Finally cells were washed twice with PBS and fluorescence was detected
with filter 1 (530/30 nm band pass filter).

2.4. Enrichment of ABCG2-Positive Cells by Fluorescence Activated Cell
Sorting

ABCG2 expression was induced for 48 h by incubation with dox-
ycycline as described above. Cells were washed with PBS, detached
with Biotase, resuspended in PBS and stained with 200 pug/ml FITC-
conjugated anti-ABCG2 mouse monoclonal antibody (5D3; Santa Cruz
Biotechnology, Heidelberg, Germany) for 20 min on ice in the dark.
Cells were washed with PBS and then incubated for 10 min with PBS
containing 5% FCS, 1 mM EDTA (Sigma-Aldrich Chemie GmbH,
Darmstadt, Germany) and 0.5 mg/ml propidium iodide (BD
BioSciences, Heidelberg, Germany). Cells were sorted using the
FACSAria III (BD Biosciences, Heidelberg, Germany) into a tube with
20% FCS DMEM and 10 mM HEPES (ThermoFisher Scientific GmbH,
Germany). The cells were recovered by centrifugation at 251 x g/1500
rpm for 5 min and cultured in DMEM with 20% FCS in a humidified
incubator as above.

2.5. In Vitro Photodynamic Treatment

After 4h incubation with 5-ALA the medium was replaced with
DMEM without phenol red and FCS. Irradiation was performed with a
red light laser at a wavelength of 635 nm (Ceralas PDT, Biolitec, Jena,
Germany) with light doses ranging from 0 J/cm? to 13J/cm? After
irradiation, cells were cultured in DMEM medium containing 10% FCS
and phenol red for 24 h at 37 °C.

2.6. Cell Viability Assay

Cell viability was determined 24h after photodynamic therapy
(PDT) by using the MTT assay as described elsewhere [22]. Briefly,
Thiazolyl Blue Tetrazolium Bromide (MTT, Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) was dissolved in PBS at a concentration
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of 5 mg/ml and sterilized using a 0.2 pm filter. 100 pl of MTT solution
was added to 1000 pl of medium and cells were incubated for 1 h at
37 °C. The insoluble formazan was solubilized in 1000 ul of DMSO
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) after removing
the MTT medium and 100 pl were transferred to a 96-well plate. Ab-
sorbance was measured at 560 nm using a FLUOStar OPTIMA micro-
plate reader (BMG LABTECH, Jena, Germany). The absorbance of
DMSO was also measured and referred to as blank. Viability was cal-
culated by subtracting the blank values from the obtained reading for
treated cells and results were expressed as percent of control cells.

2.7. Statistical Analysis

Statistical analyses were performed using XLSTAT (Microsoft Excel
Plugin). Pairwise significance was tested using student's t-test. Light
dose dependent cell survival curves and time dependent PpIX efflux
curves were analyzed pairwise using ANOVA, defining light dose or
time as the one and the two curves to compare as the other independent
variable. P values < .05 were considered to be statistically significant.

3. Results

3.1. Enrichment of Glioblastoma Cells Featuring Strong and Inducible
Expression of ABCG2

To analyze the homogeneity and level of ABCG2 expression, the cell
line U251MG-V was incubated for 48 h with or without 1 pg/ml Dox
and stained with an anti-ABCG2 primary antibody (5D3) and DyLight
488 secondary antibody. As a control, U251MG-EV cells were used
which were generated applying the same recombination vector but
without ABCG2 cDNA (empty vector). In Dox-induced U251MG-V cells,
three distinct cell populations with low, medium and high expression of
ABCG2 could be deduced from the fluorescence histogram with the
lowest fluorescence peak being the largest (Fig. 1a). As expected, no
inducible expression of ABCG2 was observed for U251MG-EV cells. To
enrich U251MG-V for high level ABCG2-expressing cells, U251MG-V
cells were induced with Dox, stained with the 5D3 antibody and sorted
by fluorescence activated cell sorting (FACS). The resulting sU251MG-V

counts
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cells also showed distinct cell populations, but the relative contribution
of populations was different, with the peak corresponding to the cell
population with the highest ABCG2 expression now being the largest.
This indicates that the cell sorting process largely eliminated the lowest
expressing ABCG2 cells leaving just medium and highly ABCG2 ex-
pressing cells resulting in an increased mean fluorescence intensity.
Note that the peak positions of the individual peaks are almost the same
in both cell lines. Non-induced sU251MG-V cells sorted for high ABCG2
expression revealed a slightly stronger ABCG2 expression compared to
the U251MG-EV cells indicating a low ABCG2 expression, probably as a
result of some “leaky” expression of the transgene in the absence of
Dox.

3.2. Optimization of ABCG2 Induction Conditions

In order to determine the optimal Dox concentration for maximal
ABCG2 expression in sorted sU251MG-V cells, we incubated the cells
with various amounts of Dox ranging from 0.1 ng/ml up to 10,000 ng/
ml for 48 h and detected the ABCG2 expression by flow cytometry after
staining with the anti-ABCG2 antibody 5D3 (Fig. 2a). Incubation with
Dox at concentrations of 10 ng/ml or more induced a strong and broad
distribution staining intensity in sU251MG-V cells. Two distinct cell
populations with medium and high ABCG2 expression using a Dox
concentration of 10 ng/ml or more could be detected, with the second
population being the largest. The maximum of the high fluorescence
peak in this histogram is separated by approximately 160 fluorescence
units compared to the non-induced cells and does not shift further with
increasing Dox concentrations up to 10,000 ng/ml. In order to achieve
a stable and efficient ABCG2 gene expression response we continued
our experiments with a Dox concentration of 1000 ng/ml (Fig. 2b).
This Dox concentration appears to be nontoxic as no difference of cell
viability measured by the MTT assay after incubation with various
amounts of Dox up to 10,000ng/ml for 48 h was seen (data not
shown).

3.3. 5-ALA-Induced PpIX Accumulation Is Impaired by ABCG2 Expression

To investigate whether and to which extent the intracellular

Fig. 1. ABCG2 induction after incubation with 1 pg/ml Dox for 48 h a)
Representative histograms for U251MG-EV, sU251MG-V and U251MG-
V cells as determined by flow cytometry. b) Cell surface ABCG2 protein
expression of these cells after staining with a primary ABCG2 antibody
(5D3) and DyLight488 secondary antibody. Shown is the average and
standard deviation of geometrical means of flow cytometry measure-
ments (n = 3).
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Fig. 2. Effect of Dox on the ABCG2 expression in sU251MG-V cells. a)
ABCG2 expression after incubating cells for 48 h with various amounts
of Dox as determined by flow cytometry. Shown are representative
histograms from one of at least three independent experiments. b)
Dependence of cell surface ABCG2 protein expression on Dox con-
ol centrations after incubation for 48 h. Shown is the average and stan-
dard deviation of geometric means of fluorescence measured by flow
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accumulation of PpIX is influenced by ABCG2 expression, we in-
vestigated PpIX-mediated fluorescence in sU251MG-V cells with or
without ABCG2 induction by Dox in comparison to isogenic U251MG-
EV cells at different concentrations of 5-ALA. Cells were incubated for
4h with 6.25, 25 or 100 pg/ml 5-ALA and PpIX fluorescence was de-
termined by flow cytometry. Shown are the mean values and standard
deviation of three independent experiments. PpIX accumulated with
increasing 5-ALA concentrations and was reduced by induction of
ABCG2 expression (Fig. 3). After Dox treatment the highly ABCG2-ex-
pressing sU251MG-V cells showed the lowest mean fluorescence in-
tensity of PpIX whereas the U251MG-EV accumulated the highest
concentration of PpIX. Interestingly, non-induced sU251MG-V cells
revealed a lower mean fluorescence intensity of PpIX when compared to
the U251MG-EV cells, which may be the result of a leaky expression of
the transgene in the absence of Dox as already noted above (Fig. 3).

3.4. PpIX Accumulation Can Be Restored by ABCG2 Inhibition

As overexpression of ABCG2 reduced 5-ALA-mediated PpIX
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Fig. 3. PpIX accumulation is dependent on 5-ALA concentration and
ABCG2 expression. Cells were incubated for 48h in the presence or
absence of 1 pg/ml Dox followed by a 4h incubation period with
various amounts of 5-ALA in 2% FCS containing medium. PpIX fluor-
escence was determined by flow cytometry. Shown are the mean va-
lues and standard deviations of three independent experiments
(n = 3). *Statistically significant difference with .05 < p < .005,
other relations were not significant.

1

accumulation, we wanted to know, whether the presence of the phar-
macological ABCG2 inhibitor KO143 could restore PpIX formation.
Flow cytometric analysis revealed a higher mean PpIX fluorescence in
all cell lines in the presence of KO143 (Fig. 4a). The KO143-induced
increase in PpIX fluorescence was not statistically significant for
U251MG-EV cells, whereas it was highly significant for the cell lines
with higher levels of ABCG2 (Fig. 4b). This was the case for all 5-ALA
concentrations used (see supplementary Fig. 1), indicating that the PpIX
accumulation can be completely restored by the ABCG2 inhibitor
KO0143 independent of the amount of the PpIX precursor 5-ALA present
in the media.

Interestingly, we could not detect an increase in PpIX accumulation
when we co-incubated the cells with sorafenib or 5D3 antibody known
to block the transporter function of ABGC2 for a number of drugs
(Fig. 5), whereas accumulation of Ce6, a chemically synthesized por-
phyrin derivative, was increased when cells were co-incubated with
these inhibitors [21].

Taken together our results indicate an efficient inhibition of ABCG2-
mediated efflux of PpIX in induced sU251MG-V cells by the potent
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Fig. 4. Effect of KO143 on the accumulation of PpIX in U251MG-EV
and sU251MG-V (non-induced) and sU251MG-V (induced) cells. Cells
were incubated with 0 (grey fill color) or 25 pug/ml 5-ALA for 4h at
37°C in the dark in the absence (darker colors) or presence (lighter
colors) of 1.5 uM KO143. The cells were then washed, collected and
subsequently analyzed for PpIX accumulation by flow cytometry. a)
representative flow cytometry histograms, b) mean values and stan-
dard deviation of three independent experiments (n = 3). *: p-
value < .05, ns: p-value > .05.
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3.5. ABCG2 Induction Reduces Phototoxicity, but PDT Efficiency Can Be
Restored by ABCG2 Inhibition

PDT efficiency of monolayer U251MG-EV cells and sU251MG-V
cells depends on light dose and 5-ALA concentration (Fig. 6 for 25 pg/
ml 5-ALA, see supplementary Fig. 3 for 6.25 pg/ml and 100 pg/ml 5-
ALA). As expected, the empty vector U251MG-EV cells did not respond
to induction of ABCG2 by Dox. The survival was quite similar (p = .93,
.75 and .62 for 5-ALA concentrations of 6.25, 25 and 100 ug/ml, re-
spectively). A decrease in cell survival was however noted, when
U251MG-EV cells were co-incubated with KO143, indicating the pre-
sence of some endogenous and functional ABCG2 (p = .002, .056 and
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.068, respectively, exceeding significance level, when the data point at
100% is excluded from statistical analysis).

Induction of ABCG2 in sU251MG-V cells led to an increase in cell
survival. This difference was statistically significant only for the lowest
5-ALA concentration tested, however (p = .017, .1 and .063, respec-
tively). While this increase in cell survival by a strong induction of
ABCG2 expression was rather moderate, blocking of ABCG2 by KO143
led to a dramatic decrease in cell survival for all conditions tested
(p < .0001 for all 5-ALA concentrations).

Compared to non-induced sU251MG-V cells, U251MG-EV cells were
more sensitive to PDT (6.25ug/mlp < .0001, 25 ug/ml p = .001, 100
ug/ml p = .04), indicating some “leakiness” of expression of the vector
in the absence of Dox.

There was no statistically significant difference for 25 pg/ml 5-ALA

Fig. 5. PpIX accumulation is reduced when ABCG2 is expressed and
restored when it is inhibited by co-incubation with the ABCG2 in-
hibitor KO143. Dox-induced U251MG-V cells were incubated for 4h
with 25 pg/ml 5-ALA. PpIX fluorescence was determined by flow cy-
tometry. Shown are the mean values and standard deviations of 3 in-
dependent experiments (n = 3). *p-value < .05, ns: p-value > .05.

Opg/ml ALA 25 pg/ml ALA

0 uMKO143 OpuMKO143  1.5uM KO143 2.5uM

Sorafenib

25 ug/mlALA 25 pug/mlALA 25 pg/ml ALA
2 pg/mi 5D3



P. Miiller, et al.

140

120

100

80

Survival (% of control)

20

140

120

100

40

Survival (% of control)

20

6
Light dose (J/cm?)

6
Light dose (J/cm?)

Journal of Photochemistry & Photobiology, B: Biology 210 (2020) 111963

—@— U251MG-EV -Dox
—@— U251MG-EV +Dox
U251MG-EV +Dox +K0143

8 10 12 14

—8— sU251MG-V -Dox
—®— sU251MG-V +Dox

sU251MG-V +Dox +K0143

8 10 12 14

Fig. 6. Light dose dependent survival rates (MTT-assay 24 h after irradiation) of a) U251MG-EV and b) sU251MG-V cells, incubated for 4 h with 25 ug/ml 5-ALA in
the presence or absence of the ABCG2 inhibitor KO143 (blue: without Dox, red and green: with Dox, green: KO143 in addition). FCS concentration was 2% during the
5-ALA incubation period, 0% during irradiation and 10% post irradiation. Mean values and standard errors of 3 biologically independent experiments are shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

and 100 pg/ml 5-ALA phototoxicity between induced sU251MG-V cells
and U251MG-EV cells when co-incubated with KO143 (p > .9), in-
dicating that KO143 is a potent ABCG2 inhibitor inactivating efficiently
low and high levels of ABCG2.

4. Discussion
4.1. Cellular Models for ABCG2 Expression

One of the less addressed questions with 5-ALA based PDT is,
whether tumor stem cells might be resistant to PDT or at least require
higher drug and light doses to be eliminated. While Schimanski et al.
[23] could show that 5-ALA PDT is able to kill tumor stem cells, the
authors did not show, whether non-stem cells from the same primary
tumors would have been more susceptible to PDT. Fujishiro et al. [13]
even found increased levels of PpIX in cells grown to enhance stem-like
features and also showed increased susceptibility to PDT. However, the
cells were cultivated in different media, especially containing different
serum content, which might have influenced the PpIX accumulation
capacity. It therefore remains to be clarified, whether more stem-like
cells might accumulate less PpIX and/or are more resistant to PDT.

A crucial parameter associated with relative stem cell resistance to
chemotherapy is the expression of the membrane transporter ABCG2. If
the photosensitizer in use is a substrate of ABCG2 and ABCG2 is over-
expressed in the stem cells of a tumor, PDT might fail to eradicate the

tumor completely. It was therefore our aim to investigate, to which
degree PpIX might be a substrate of ABCG2 and if so, whether this leads
to a reduced cell death and finally, whether established inhibitors of
ABCG2 are able to restore the susceptibility of these cells to PDT.

In earlier investigations, we have studied the correlation of ABCG2
expression and cell survival following PDT with the photosensitizer
chlorin e6 (Ce6) [21]. Ceb6 is a preformed photosensitizer, whereas 5-
ALA itself is not photoactive and needs to be converted to the photo-
sensitizer PpIX inside the cell's mitochondria. Interestingly, ABCG2 is —
at least in some cell lines — also present in the outer mitochondrial
membrane and found responsible for PpIX transport from mitochondria
into the cytosol [24]. A small molecule inhibitor of ABCG2 has indeed
altered the intracellular distribution pattern of PpIX in some cancer
cells [25]. As a consequence of these findings, the interaction of ABCG2
with PpIX must be expected to be different and more complex than with
other photosensitizers.

In order to study the influence of ABCG2 on PpIX accumulation and
photosensitivity with minimal confounding factors, we chose a model,
where the expression of ABCG2 could be switched on with minimal
additional modification in the cell. Others have used models, where
parental cells were induced to express ABCG2 by prolonged exposure to
certain drugs such as mitoxantrone [26] or transfection with the ABCG2
encoding sequences [27]. The problem with such models is that it re-
mains unclear, which additional changes in gene expression may have
been induced. Another approach is to screen several cell lines
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representing the same cancer type for their relative ABCG2 expression
levels and select the highest and the lowest expressing ones to be the
cellular models to study the role of ABCG2 in photosensitivity [25,28].
However, due to the heterogeneous genetic background these models
are probably not exclusively studying the effect of ABCG2. We therefore
adopted site-specific genetic engineering to create isogenic cell clones,
which theoretically only differ in the presence of the ABCG2 coding
sequence. In our previous study, this model has shown heterogeneous
expression of ABCG2 following induction [21]. To enhance the per-
formance, cell sorting was conducted using flow cytometry technique
and as seen in Fig. 1, the fraction of highly ABCG2 expressing cells
considerably increased.

4.2. PpIX is a Substrate for ABCG2

Our results are in agreement with other studies showing that cells
expressing high levels of ABCG2 accumulate significantly less PpIX than
cells with lower ABCG2 expression level (Fig. 3) [25,29,30]. To prove
the role of ABCG2 as a transporter of PpIX, co-administration of the
potent ABCG2 inhibitor KO143 was tested and it was indeed associated
with a significant restoration of PpIX accumulation capacity similar to
or even higher than levels observed with cells with minimal ABCG2
expression (Fig. 4). KO143 is an analogue of fumitremorgin C and one
should keep in mind that apart from inhibiting ABCG2, it may also
inhibit both ABCB1 and ABCC]I, albeit at a higher concentration [31].

Yoshioka et al. showed that PpIX accumulation in cancer cells
treated with 5-ALA can furthermore be promoted by inhibition of one of
the Ras downstream elements, the Ras/mitogen-activated protein ki-
nase (MEK). MEK inhibition reduced PpIX efflux from cancer cells by
decreasing the expression level of ATP binding cassette subfamily B
member 1 (ABCB1) transporter. In addition, the activity of ferrochela-
tase (FECH), the enzyme responsible for converting PpIX to heme, was
reduced by MEK inhibition [32,33].

In contrast to our previous study with chlorin e6 [21], neither the
ABCG2 antibody 5D3 nor the tyrosine kinase inhibitor sorafenib ex-
erted a significant effect on photosensitizer retention. Sorafenib itself
was proven to be a substrate for ABCG2 [34]. But another study sug-
gested that sorafenib is also an ABCG2 inhibitor at higher concentra-
tions, however its potency in restoring the cellular accumulation of
mitoxantrone was significantly inferior to KO143 [35], which is con-
firmed by our study to be the case for PpIX too. A possible explanation
for the superior inhibitory action of KO143 is its ability to inhibit both
the mitochondrial and the cell surface ABCG2 as proven by Kobuchi
et al. [24].

Overall, the PpIX levels did not correlate very well with the cell
surface ABCG2 expression: while the induction of the ABCG2 vector by
Dox increased ABCG2 on the cell membrane dramatically (Fig. 1), the
reduction of intracellular PpIX versus the non-induced cells was rather
moderate (Fig. 3). The leakiness of the vector itself, which caused only a
minimal increase of surface ABCG2 expression already led to a con-
siderable reduction of PpIX levels. Compared to the empty vector cells,
the highly ABCG2-expressing cells still accumulated approximately half
of the PpIX concentration under similar conditions, although one might
have expected a much stronger reduction.

Interestingly, the application of KO143 was very effective in in-
creasing the PpIX levels even in the empty vector cells, where the
presence of some endogenous ABCG2 is to be expected. In summary,
our results suggest that minimal ABCG2 expression, which is present in
uninduced sU251MG-V and maybe even in U251MG-EV cells, could be
sufficient for large parts of its biological function. In a similar case,
leaky expression of the hepsin protease transgene in the prostate cancer
cell line PC-3 resulted in considerable biological activity [36], which
demonstrates the limitations of inducible gene expression systems and
the relevance of the utilization of isogenic empty vector control cell
lines for accurate data interpretation.
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4.3. Serum Promotes ABCG2 Efflux Activity

The role of ABCG2 in PpIX transport can also be studied in PpIX
efflux experiments. It has long been known that PpIX accumulation and
efflux depend a lot on the presence or absence of serum in the cell
culture medium [37]. The potential role of ABCG2 in this pharmaco-
kinetic aspect of intra- and extracellular PpIX has been investigated by
Ogino et al. [38] when studying ABCG2-expressing T24 urothelial
carcinoma cells. With serum-containing medium, intracellular PpIX was
much reduced and found in the extracellular medium, because serum
albumin can bind extracellular PpIX and thus shift the partitioning
equilibrium. This could very effectively be blocked by co-incubation
with the ABCG2 inhibitor fumitremorgin C. We could confirm this
qualitatively when comparing our empty vector U251MG-EV cells with
the induced sU251MG-V cells (see supplementary Fig. 2). ABCG2 en-
hanced the efflux of PpIX in the presence of serum in the incubation
medium, although the empty vector cells also lost PpIX in a serum
dependent manner.

4.4. 5-ALA PDT is Hindered by ABCG2 Expression and Restored by KO143

Three different concentrations of 5-ALA and 9 different light doses
were tested for their PDT efficiency in the different cell lines to cover all
possible cell death mechanisms inducible by PDT. In the low con-
centration and light dose regime, cell death is mainly caused by
apoptosis, whereas with high concentration and light doses, mainly
immediate necrosis is observed as we have shown earlier [39]. It would
be intriguing to investigate, whether delivery of KO143 favors apop-
tosis by confining PpIX stronger and longer inside the mitochondria.
The steeper slopes of the survival curves at low light doses may indicate
this, but employment of apoptosis assays is certainly required to clarify
this question, which was outside the scope of the current study.

Switching on ABCG2 expression by Dox in sU251MG-V cells did
result in a statistically significant, however not very drastic increase in
cell survival (Fig. 6). This is consistent with the relatively moderate
decrease in PpIX accumulation (Fig. 3), although the ABCG2 expression
was very effectively upregulated (Fig. 1). Empty vector cells were much
more vulnerable, which is again consistent with the considerably higher
PpIX content. This indicates some unintended ABCG2 expression by the
uninduced vector (leakiness). When KO143 was co-incubated, all cells,
even the empty vector cells, showed increased susceptibility to PDT, as
could have been expected by the increased PpIX fluorescence measured.
This indicates the presence of some endogenous ABCG2. Overall, the
observed PDT response is consistent with the PpIX content, but to a
lesser degree with the observed (measurable) level of ABCG2 expres-
sion, where induction of the vector led to a very prominent ABCG2
signal, while the improvement of survival was quite moderate. On the
other hand, KO143 co-delivery was quite effective in sensitizing the
cells to PDT. In our previous study with chlorin e6 as a photosensitizer
[21], the survival decrease, which could be induced by KO143 was by
far less pronounced. This might be due to the hypothesized location of
ABCG2 not only in the cell membrane but also in the mitochondrial
membrane [24,25], where it influences PpIX, but not chlorin e6 accu-
mulation.

Our results clearly demonstrate that ABCG2 modulates PpIX accu-
mulation, FCS dependent efflux of PpIX and effectivity of PDT. The
influence of factors other than ABCG2 expression is largely excluded by
employing the model with a switchable ABCG2 expression vector. If
cancer stem cells overexpress ABCG2 as part of their stem-like prop-
erties, a reduction of responsivity to PDT must be expected. This is,
however, in contradiction to the work by Fujishiro et al. [13], who
found an increased responsivity of stem-like cells to 5-ALA-PDT, despite
significantly increased ABCG2 levels compared to the parental line.
There were, however, many additional differences in the expression
profile. On the other hand, Palasuberniam et al. [25] had shown that
high ABCG2 transporter activity in triple negative breast cancer cells
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leads to reduced PpIX accumulation and reduced effectivity of 5-ALA-
PDT. It, therefore, remains to be shown, how the different expression
profiles of stem-like cells in primary tumor tissue influence the PpIX
content and the susceptibility to PDT. In conclusion, the negative im-
pact of ABCG2 on 5-ALA-PDT can be avoided by the co-application of
KO143 and even extremely high levels of ABCG2 do not completely
inhibit PpIX accumulation and phototoxic cell death can still be
achieved in vitro.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jphotobiol.2020.111963.
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